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Abstract 
Coastal ecosystems continue to decline globally due to a wide range of anthropogenic 
pressures. Among these pressures, the development of canal estates for housing 
development has led to the significant alteration of some estuarine ecosystems with 
uncertain outcomes for their ecology and biogeochemical function. Both the construction of 
residential canal estates and the consensus over their long-term impacts on adjacent 
waterways have concomitantly risen in recent decades. It is recognised that one of the main 
functional changes is the reduction of water exchange in canal systems, which may lead to 
poor water and sediment quality, low oxygen levels and consequently, potential changes in 
macroinfauna and ichthyofauna communities. Accordingly, canal estates may represent a 
significantly different set of fate pathways for both natural and anthropogenic materials such 
that they stand to potentially alter the overall performance of the wider ecosystem within 
which they sit. South-East Queensland has the highest number of artificial waterways in 
Australia. Unfortunately, there is very little research describing their biogeochemical function 
and behaviour; especially with regard to the wider role they may play as sources or sinks for 
nutrients and materials within the wider estuarine setting. In this context, two residential 
canal estates have been studied to address this gap in our understanding of materials 
cycling within canal ecosystems and to assess the main implications that canal design and 
function may have for wider coastal ecosystem performance and management. This 
research has identified spatial and seasonal variations in water column structure and 
nutrient fluxes. Notably, the canals tend to behave like enriched estuaries showing a release 
of ammonium and phosphorus from the sediment to the water column. Additionally, there is 
a great potential for some locations to behave as a sink of N due to high denitrification rates. 
More importantly, the nitrogen budget shows that both artificial waterways are importing N 
from the adjacent estuaries and that they are a net sink for N through denitrification and/or 
through the recycling of N by primary producers. Similarly, the phosphate budget shows that 
during the dry season canal estate acted like other Australian sub-tropical estuaries; they 
are net autotrophic and act as a sink for P. However, during the wet season this changes 
and the canal estate became a net source of P, exporting P to adjacent estuaries. 
Accordingly, management of canal estates and the materials they receive via anthropogenic 
and sources (dissolved and particulate) needs to be considered at the level of N and P they 
deliver. 
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Chapter 1. Introduction 
Increasingly, many estuaries exist in densely populated areas, and thus experience 
eutrophication and degradation of the ecological services they provide (Wolanski 2007). 
Increasing human population and anthropogenic pressures have led to a wide range of impacts 
in estuaries (Wolanski & Elliott 2015). As highlighted by Kennish (2002), among these 
impacts, the development of urban areas and housing estates currently represent the most 
significant causes of alteration in estuarine ecosystems. In some cases entire estuaries and 
coastal wetlands are being altered or removed to be replaced by different forms of construction 
and land development.  
One type of housing development that can significantly alter estuarine creeks and waterways 
is artificial canal systems, also called canal estates, constructed in or in close proximity to 
wetlands, rivers, estuaries, coastal bays, and tidal creeks. To date, canal estates can be found 
on all continents but Antarctica, covering a total length of 4,000 linear kilometres (Waltham & 
Connolly 2011). Notably, the vast majority of artificial waterways are located in North America 
and Australia, as shown by Figure 1.1. In Australia, South East Queensland (SEQ) has the 
highest number of artificial lake and canal estates, containing more than 95% of artific ia l 
waterways in Oceania (Waltham & Connolly 2011). 
 
 
Figure 1.1. Coverage of artificial canal and lake estates worldwide described by Waltham and 
Connolly (2011). Colour gradient represents the total linear length (km) of these artific ia l 
waterways.  
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Australia has one of the fastest growing populations in the world, with most of it being located 
in coastal areas (Wolanski 2013). This has resulted in an increase in land reclamation and land 
development for the construction of an extensive number of artificial canal systems (Australian 
Government 2015; Ljung et al. 2010). As noted by Gibbes et al. (2014), there continues to be 
rapid urban growth in SEQ with housing developments already implicated in the delivery of 
excess nutrients and the eutrophication of some coastal waters. In view of this situation, the 
current study focusses on two canal estates adjacent to different parts of Moreton Bay. As noted 
later, the two case study estates also possess features that are common to many canal estates 
globally and, thus, offer potential insights for canal estate management in general. 
As noted previously, the construction of artificial waterways has led to significant alteratio ns 
of some estuarine systems, and can potentially have profound impacts on the associated tidal 
creeks and wetlands (Cook et al. 2007; Reilly & Phillips 1998). There have been some attempts 
to define the ecological role of these artificial waterways (Cosser 1989; Lemckert 2006; 
Maxted et al. 1997; Morton 1989; Morton 1992; Moss 1989). However, there have been very 
few studies that elucidate the internal processes and attributes of these canal systems such that 
we still have a limited understanding of how they function relative to the ecosystems they 
replace. Similarly, our ability to make robust, evidence-based decisions on managing these 
systems is also hindered by this lack of information. Accordingly, this thesis will address the 
following research questions: 
i. What are the main features of artificial canal estates likely to influence C, N, and 
P cycles? 
- Can we identify the sources of natural and anthropogenic materials? 
- What are the standing stocks of nutrients in the water column and sediments within the 
case study canal estates? 
ii. In the case study canal estates, what are the main biogeochemical pathways for C, 
N, & P processing? 
- Are the biogeochemical processes underpinning C, N and P cycling significant ly 
different to those reported for intact estuaries in similar settings (climate, land use, 
etc.)? 
- What are the potential implications of C, N, & P cycling in canal estates for the adjacent 
estuary ecosystem? 
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iii. Are canal estates a sink or a source for nutrients (C, N and P)? 
- What implications do the results of this study have for the future management & 
design of canal estates? 
 
The thesis begins in Chapter 2 by providing background information about estuarine 
environments, canal estates worldwide, and then focussing in the Australian case. A basic 
description of canal estate systems is developed and the knowledge gaps are identified. Based 
on this general information, the study locations, research questions and objectives are then 
defined. The research questions and objectives are also described in detail in Chapter 2. The 
general methodological approach used in this research can be found in Chapter 3. 
Chapter 4 provides the baseline characteristics collected on the two case study locations. These 
measurements include pelagic and benthic physical, biological and chemical properties, pelagic 
and benthic ranges for nutrient standing stocks, and sediment solid phase characterisat io n. 
Based on this information and the available literature, a conceptual model is constructed and 
the potential effects of nutrient sources on canal estate biogeochemical cycles are identified. 
Chapter 5 examines the biogeochemical processes and the net ecosystem metabolism of the 
two case study locations. This helps to build an understanding of how these two canal estates 
function and the role they may have in the wider ecosystem; that is, their potential to act as 
potential sources or sinks for materials relative to the adjacent estuarine ecosystem.  
Based on the information gathered in the previous two chapters, and using the LIOCZ 
approach, a nutrient budget is then developed for both study sites. The outcomes of these 
nutrient budgets and the potential implications for the surrounding environments are discussed 
in Chapter 6. 
Finally, Chapter 7 summarises how the thesis has met the overall research objectives and 
discusses possible management and construction strategies for canal estates. Also, it reviews 
the strengths and limitations of this study. 
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Chapter 2. Literature Review 
2.1 Estuarine Environments  
Estuaries are widely defined as coastal water bodies where the ocean interacts directly with 
freshwater bodies coming from the land (Alongi 1998; Wolanski 2007). The connection with 
land not only implies salt and freshwater mixing, but also high inputs of materials derived from 
the land. By corollary, estuaries play a crucial role in processing and transforming these 
terrestrial materials such that they directly influence the biogeochemistry and ultimately the 
function of ecosystems adjacent to them in coastal waters (Alongi 1998). 
Estuaries are generally exposed to several pressures, namely land-use change, wetlands 
obliteration, water pollution, eutrophication, overfishing, and increased housing development 
(Wolanski & Elliott 2015). The increase in land-change and land clearance for farming 
purposes and for the construction of roads and housing developments has caused the 
obliteration of important estuarine nursery and feeding areas such as wetlands, mudfla ts, 
seagrass beds and marshes. This loss of these coastal systems intensifies land runoff and the 
sediment inputs reaching estuaries. As a result of this imbalance, estuaries experience nutrient 
enrichment, water pollution and changes in key biogeochemical cycles (Alongi 1998). 
For management purposes it is important to understand the complex interaction that occurs 
between physical, chemical and biological factors within these coastal systems (Wolanski 
2007). Physico-chemical processes comprise the mixing of water bodies with different salinity 
and density, whereas the biological processes encompass the efficient transformation of land-
derived materials, including dissolved nutrients that can be taken up by primary producers and, 
ultimately feed a complex but rich food web. Also, key elements to the estuarine nutrient 
cycling are carbon, nitrogen and phosphorous. Each one of these physical, chemical and 
biological factors, as well as the processes related to the key nutrients, will be addressed in the 
sections below. 
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2.2 Estuarine Physico-Chemical Features 
As mentioned above, for management purposes the physical, chemical and biological features 
of estuaries and their complex interactions need to be understood (Wolanski 2007). Each one 
of these features and their interactions will be addressed below. 
Estuarine physical process can directly affect chemical and biological processes by the 
transport of nutrients, phytoplankton or detritus to connect different trophic levels (Day et al. 
1989). The most important physical process is the water movement in an estuary, and this is in 
turn defined by other physical processes, including: bathymetry, tidal currents, river inflows, 
water density (correlated to salinity and temperature), winds, land-derived water runoff, etc. 
(Hubertz et al. 2005).  
Estuarine bathymetry can affect the capacity of the estuary to exchange water with the adjacent 
open waters (Wolanski 2007). The shallower an estuary is the more friction the water entering 
the estuary encounters during flood tide, and thus the more tidal energy that is dissipated, 
resulting in a decrease in water exchange. Also, the coupling between the water column and 
the benthos will be stronger in shallow areas and nutrients recycled by the benthos will be 
reutilised more efficiently by phytoplankton (Day et al. 1989). On the other hand, in deeper 
estuaries water currents travel more rapidly, and consequently less energy is dissipated and the 
flushing rates are higher.  
Another physical process is the mixing of riverine and tidal inputs, which causes a salinity 
gradient to develop that increases gradually from fresh to saltwater (Day et al. 1987). The 
amount of dissolved and suspended materials available for the estuarine food web is directly 
related to the amount of freshwater received by an estuary. Also, the salinity gradient caused 
by tidal influence defines the zonation of biological processes and estuarine micro, and 
macrofauna. Based on this gradient, estuaries can be divided in three zones (Figure 2.1): (1) 
the upper region, subjected to tidal change but with low salinity, is called oligohaline zone. In 
this zone there are high concentrations of nutrients, but the turbidity maximum also occurs in 
this zone due to high riverine inputs, which inhibits primary production. (2) In the mixing 
region, or mesohaline zone, a strong stratification of the water column develops due to less 
dense freshwater sitting on top of more dense saltwater. In this zone, freshwater masses mix 
with saltwater masses, and it is in this zone where the chlorophyll maximum occurs due to 
minimal light attenuation. (3) The polyhaline zone is closer to the ocean and is characterized 
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by high salinity (30-35 PSU) and low nutrients concentrations (Alongi 1998; Day et al. 1989; 
Fisher et al. 1988; Wolanski 2007).  
 
 
Figure 2.1. Temperate estuaries typical zonation. Modified from Eyre (1998). 
  
Internally, the water mixing of an estuary can also be affected by differences in water density 
(Wolanski 2007). Water density is determined by water temperature and salinity: freshwater 
and warmer water are less dense than saline and colder water. The difference in density (due 
to salinity and/or temperature) can cause stratification of the water column, which impedes 
vertical mixing and/or water circulation of the estuary, increasing the possibility of oxygen 
depletion and with consequent changes in biogeochemical processes. 
Light is another physical parameter intrinsically linked to estuarine chemical and biologica l 
processes (Day et al. 1989). Sunlight is used by primary producers during photosynthesis to 
transform dissolved inorganic nutrients into organic compounds. The lack of light or increased 
water turbidity can decrease estuarine productivity and its capacity to recycle inorganic 
nutrients and support the rest of the estuarine food web. Light also has the potential to heat the 
water, generating temperature gradients. Water temperature could lead to water movement due 
differences in density, or evaporation, and a subsequent increase in salinity. Water temperature 
can also define the efficiency of the system, for example by increasing primary productivity 
and respiration during periods of higher temperatures (e.g. summer) (Alongi 1998).  
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The estuarine dynamics just described experience variation with season and latitude. 
Consequently, temperate estuaries differ from sub-tropical estuaries in the amount of sunlight 
and the frequency of freshwater inputs they receive (Alongi 1998). In temperate estuaries, 
primary production peaks during spring and summer, stimulated by an increase in nutrient 
availability, light and water temperature.  
In contrast, sub-tropical estuaries do not show the clear salinity zonation shown by Figure 2.1, 
and primary production peaks during the summer time or the rainy season, rather than in spring. 
In these systems, it is usual that at the beginning of the wet season, nutrients are depleted, 
although light and temperature are optimal. During rain events (summer), nutrient 
concentrations increase, but because turbidity also intensifies, the system is limited by light. 
After a rain event, once turbidity dissipates and light increases a peak in phytoplankton 
production is observed. On the contrary, during the winter time (dry season) the riverine input 
is lower, leading to a decrease in runoff and nutrient availability-supply from the catchment. 
 
2.3 Estuarine Biological Features 
The physico-chemical processes described above are intrinsically linked to the biology and 
ecology of estuaries. The major elements to the estuarine biological processes are summarized 
in Figure 2.2. As noted by Alongi (1998), the primary producers (autotrophs) most abundant 
in estuaries are phytoplankton, although macrophytes and benthic microalgae can also 
contribute to estuarine primary production and the recycling of nutrients. Tidal energy and 
circulation, combined with nutrient availability, allow these primary producers to abound and 
to proliferate, making estuaries the most productive areas of the ocean; these primary producers 
also supporting a wide range of secondary producers (Day et al. 1989). 
The heterotrophs, or secondary producers who utilize the biomass generated by primary 
producers can vary significantly between estuaries (e.g. Day et al. 1989), but typically 
encompass trophic pathways including zooplankton, small and juvenile fish, as well as large 
carnivores (Day et al. 1989). Various filter feeders may also play an important role in grazing 
primary producers. In addition, there are animals that live in the benthos and feed on detritus 
or dissolved inorganic nutrients, such as mussels, invertebrates, worms, and amphipods. All of 
these organisms underpin a complex dynamic of nutrient cycling, and contribute to a strong 
coupling between the water column and the benthos (Alongi 1998). 
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Figure 2.2. The main elements of biogeochemical cycles in marine, estuarine ecosystems 
(Alongi 1998). 
 
Critically, estuarine nutrient cycling also depends on the microbial loop to maintain key 
nutrient cycles to higher trophic pathways (Alongi 1998). The microbial loop is comprised of 
bacteria and protozoans, which are the basis of the estuarine food web. As shown by Figure 
2.3, the components of the microbial loop, together with phytoplankton and zooplankton, 
contribute to estuarine nutrient regeneration. Phytoplankton assimilate inorganic nutrients, 
while zooplankton graze on phytoplankton, bacterioplankton and protozoans, and exude 
dissolved organic and inorganic nutrients (e.g. ammonium). Phytoplankton and 
bacterioplankton in turn reutilize the inorganic nutrients exuded by zooplankton. Due to the 
importance of estuarine nutrient pathways, these will be addressed below in a separate section. 
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Figure 2.3. Diagram showing the relationships between the microbial loop organisms, 
phytoplankton and zooplankton involved in the processing of nutrients. Modified from 
Wolanski (2007). 
 
2.4 Estuarine Nutrient Cycles and Processes 
Estuarine nutrient cycles driven by the microbial loop play an important role in maintaining 
higher trophic levels (Alongi 1998). As mentioned above, the organic matter (OM) or detritus, 
produced by estuarine planktonic communities is gradually decomposed by several 
mineralization processes carried out by micro- and macroorganisms in the water column 
(Figure 2.4). The rest of the OM is degraded by benthic macro- and microorganisms, while the 
organic matter that reaches the sediments is not mineralized by the benthic communities is 
buried in the sediments. The key metabolic processes are illustrated in Figure 2.4 and will be 
discussed in detail below. 
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Figure 2.4. Diagram showing water and sediment layer and the different metabolic processes 
involved in organic matter decomposition. Modified from Wolanski (2007). 
 
Carbon dioxide and inorganic nutrients are produced from the decomposition of OM (Berner 
1980). Depending on the concentration of dissolved oxygen (DO) and the amount of OM 
available in the sediments, this OM is aerobically or anaerobically degraded (Berner 1980). 
The sediment layer containing oxygen (oxic zone) comprises only the first few millimetres of 
the surface sediments along with the sediments around animal burrows. The oxygen enters the 
non-permeable sediments mostly by molecular diffusion, and the extent of the oxic zone 
depends on the content of oxygen of the overlying water, the rate at which the organic matter 
is deposited, and the density of the burrowing fauna. The depth to which oxygen penetrates the 
sediments determines whether the benthic metabolism is aerobic or anaerobic (Jørgensen 
1996). 
As mentioned above, the activity of the burrowing fauna particularly affects the distribution of 
oxygen in the sediments because these organisms flush their burrows with overlying water, 
which increases the exchange of oxygen between pore water and the overlying water in a 
process called irrigation (Berner 1980; Kristensen 2000). Consequently, the biopumping of the 
burrowing fauna increases the oxygen penetration by taking oxygen down into the anima l 
  34 
 
burrows, which can extend to several centimetres (Berner 1980; Enoksson 1987; Jørgensen 
1996). The deepening of the penetration of oxygen into the sediments supports the aerobic 
metabolism, and favours the OM turnover since using oxygen as an electron acceptor requires 
less energy (Enoksson 1987; Jørgensen 1996). In sediments not colonised by burrowing 
infauna, however, the penetration of oxygen and nutrients from the overlying water into the 
sediments occurs via molecular diffusion only, through a very thin and unstirred layer of water 
overlying the sediments (Berner 1980; Jørgensen 1996; Enoksson 1987).  
The degradation of OM derived from autochthonous or allochthonous inputs generates the 
release of OM that can be in the dissolved (DOM) or particulate form (POM). The key 
dissolved nutrients generated by the degradation of this OM are carbon (C), nitrogen (N) and 
phosphorus (P). The degradation processes undergone by these three nutrients are described 
below. 
 
2.4.1 Carbon 
During day time phytoplankton obtain inorganic carbon for photosynthesis by taking up 
dissolved carbon dioxide or bicarbonate ion (HCO3-) with a subsequent extraction of the carbon 
dioxide and liberation of a hydroxide ion. The photosynthetic reaction produces dissolved 
oxygen which is released into the water column during day time and used later in the respiratory 
process during night time (King 1970). Decaying phytoplankton or phytoplankton debris is 
mainly composed of proteins, carbohydrates and lipids, and is easily decomposed, thus, it is 
less likely to be buried in the sediments than more refractory OM (Burdige 2007). This type of 
OM input is called autochthonous. On the other hand, allochthonous OM input originates in 
the surrounding terrestrial watershed, and is mainly composed of living biomass, plant litter 
and soil organic matter (i.e. soil humus). 
As the autochthonous and/or allochthonous OM sink to the seabed, the quantity of OC particles 
sinking decreases and so does its reactivity or its capacity to be decomposed. Benthic 
heterotrophic microorganisms mineralise the OC, producing CO2 or CH4, or it can be partially 
degraded and buried in the sediments on geological time scales. The generation of CO2 by the 
mineralisation of OC is considered a loss of sediment OC to the water column, and eventua lly 
to the atmosphere. The proportion of OC that is not lost but instead is buried in the sediments 
is called the organic carbon burial efficiency (Burdige 2007).  
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2.4.2 Nitrogen 
Similar to carbon, nitrogen also undergoes a series of reduction-oxidaton processes that occur 
in the water column and the benthos. Nitrogen-bound to organic matter (e.g. proteins, nucleic 
acids, urea and amino acids) is partially decomposed while in the water column. In the benthos 
it is also decomposed and oxidised by benthic microorganisms in a process called 
ammonification. The end product of this process is ammonium (NH4+), which is released to the 
overlying water where it can be reused by phytoplankton communities (Enoksson 1987; 
Herbert 1999; Jørgensen 1996).  
Oxidation of ammonium is a two-steps process called nitrification and takes place in the water 
column, as well as in the thin oxic layer of the sediments (Herbert 1999; Mohammed 1998). In 
the first stage, the ammonium is oxidised to nitrite (NO2-) by ammonia oxidising bacteria (e.g. 
Nitrosomas spp.), and in the second stage nitrite is oxidised to nitrate (NO3-) by nitrite oxidisers 
(e.g. Nitrobacter spp.). This oxygen dependent process only takes place in the thin oxic zone 
of the sediments, in the sediments surrounding animal burrows and within the rizospheres when 
plants are present (Herbert 1999; Mohammed 1998). This process is highly sensitive to 
variations in sediment oxygen concentration and eutrophication (Enoksson 1987).  
The nitrate produced from ammonium can follow three different paths. One of them is 
“assimilatory nitrogen uptake”, in which plants (e.g. mangroves, seagrass) assimilate it to use 
it in their growth. Alternatively, nitrate can be reduced to ammonium again by denitrifying 
bacteria; a third path is to be reduced to gaseous products in a process called “denitrification”. 
In the latter process, nitrate present in the overlying water column or produced during 
nitrification is reduced to nitrous oxide (N2O) or dinitrogen (N2), both gaseous forms of 
nitrogen that diffuse into the atmosphere, resulting in a loss of nitrogen from marine coastal 
ecosystems (Herbert 1999).  
Unlike nitrification, denitrification is an anaerobic process that takes place just below the oxic 
zone, and is carried out by facultative anaerobic bacteria. Since nitrification determines the 
availability of nitrate for denitrification as well as the rate at which denitrification occurs, both 
processes are strongly coupled (Jenkins & Kemp 1984; Nishio et al. 1983). Therefore, under 
high loads of OM to the sediments there is a strong impetus for the consumption of oxygen. 
The consequent decrease in sediment oxygen concentration will lower the nitrification rate, 
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which can result in direct release of ammonium into the water column. Under these latter 
conditions, the denitrification rate will decrease, and less nitrogen will be removed from the 
ecosystem (Enoksson 1987; Herbert 1999; Jørgensen 1996; Sloth et al. 1995). 
In the same way that nitrogen can diffuse into the atmosphere in its gaseous form (N2), it can 
be fixed by a process called “nitrogen fixation”. Autotrophic and heterotrophic prokaryotes fix 
N2 to form ammonium, utilising the nitrogenase enzyme. Since this process has a high energy 
demand, heterotrophic diazotrophs depend on the availability of organic matter in order to fix 
N2, while autotrophs have the advantage of producing their own energy to carry out this process 
(Herbert 1999). 
 
2.4.3 Phosphorus 
Another end product of OM mineralisation or as a product of marine organism excretion is 
labile phosphorus. Unlike nitrogen, phosphorus does not undergo reduction-oxida t ion 
processes, but it undergoes a series of biotic and abiotic process in marine sediments. The 
exposure of rocks containing phosphorus to erosion and weathering produce particulate and 
dissolved phosphorus, which are transported from soils to rivers and groundwater, and fina lly 
into coastal environments (Ruttenberg 2003). In coastal environments, dissolved inorganic 
phosphorus (e.g. orthophosphate), as well as organic forms of P are taken up by organisms for 
growth and then liberated into the water column or sediments as a product of excretion, or 
mineralisation in its inorganic form (orthophosphate, and its main dissociation product: 
phosphate or PO4-3). Dissolved inorganic phosphorus (DIP) reaching marine sediments can 
remain bioavailable in the interstitial porewater and be reutilised by microbial communit ies 
(Ruttenberg 2003). Refractory phosphorus phases passively bind to oxidised phases of iron 
(Fe[III]) and manganese (Mn[II]) found in the oxidised zone of the sediments becoming 
biologically unavailable (Dijkstra et al. 2018; Dijkstra 2017; Jørgensen 1996). Since phosphate 
accumulates bound to iron minerals (e.g. vivianite) in the sediments, increased loads of 
phosphate to the sediments do not necessarily increase the amount of phosphate in the water 
column. It has been found that the release of phosphate during mineralisation to the overlying 
water is strongly regulated by the amount of Fe (II) in the surface sediment (Jørgensen 1996).  
It has also been shown that DO content and sediment redox conditions control the release or 
uptake of PO4-3 between the sediment and the water column (DiDonato et al. 2006; Dijkstra 
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2017; Hanington et al. 2016; Viktorsson et al. 2012). Studies conducted in iron-rich sediments 
of the Baltic Sea showed that after the autumn bloom the sedimentation was increased, which 
caused a decrease in benthic oxygen levels reaching hypoxic or anoxic conditions. As a result, 
iron minerals (e.g. vivianite) release Fe+2 and PO4-3 increasing the concentration of the latter in 
pore water and favouring the efflux of phosphate from the sediment to the water column 
(Viktorsson et al. 2012). 
 
2.5 Australian Estuaries  
The processes described above are characteristic of most estuaries. However, unlike other 
continents Australian rivers and estuaries have a particular hydrology and geomorphology 
(Wolanski 2013). Due to the low coastal relief of Australia, estuaries are shorter and the rivers 
that feed them have smaller catchments than seen on other continents (Eyre 1998). 
Consequently, riverine inputs and the associated transport of terrestrial material depends 
mostly on short-lived rainfall events, and despite their episodic nature, they cause high flows 
of freshwater into the estuary. 
Australian sub-tropical estuaries experience dry winters with scarce freshwater flow, but 
increased freshwater flow during the summer time (Eyre 1998). Figure 2.5 shows a conceptual 
model that explains the three stages experienced by a sub-tropical estuarine system. During the 
rainy season the freshwater inputs push saltwater completely into the ocean and the salinity 
maxima does not occurs in the mouth, but seaward of the mouth. This implies that the estuarine 
plume along, with sediments and nutrients, is moved offshore and deposited directly on the 
continental shelf. Consequently, during flood events the estuary has a low capacity to retain 
and process nutrients. Nutrient recycling processes bypass the estuary and take place over the 
continent shelf. 
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Figure 2.5. Conceptual model of sub-tropical estuaries annual cycle developed by Eyre (1998). 
 
After large floods, however, estuaries go through a recovery stage in which the salinity wedge 
moves inward and the estuary passes from being highly stratified to partially mixed (Eyre 
1998). As a result, the turbidity maxima and sediment deposition moves landwards and now 
occurs in the estuary mouth. As the estuarine flushing times increase, so does the capacity of 
the estuary to retain and recycle nutrients through primary production and other 
biogeochemical process such us denitrification (Eyre 1998).  
During the dry season the freshwater discharge is absent, thus estuaries are well mixed and 
experience the longest residence times (Eyre 1998). This favours retention of sediment and 
riverine inputs, and nutrients are more efficiently recycled. Unlike temperate estuaries, the 
turbidity maximum region of Australian sub-tropical estuaries can cover a great area of the 
estuary. As a result, the biologically active region where high rates of photosynthesis and 
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nutrient recycling occurs can be located at the mouth of the estuary, or even seawards of the 
mouth. 
 
2.6 Human Impacts in Estuaries 
The vast majority of the Australian population inhabits coastal areas. As a consequence, 
estuarine ecosystems and their nutrient dynamic have suffered significant anthropogenically-
driven changes (Kennish 2002). Growth of housing development has increased land run-off, 
storm water discharges, and sewage inputs, causing estuarine nutrient and organic matter 
enrichment (Wolanski 2007). Nutrient enrichment can lead to high phytoplankton production 
in the water column followed by the deposition of a great amount of organic matter in the 
sediment, and consequently, a decrease in dissolved oxygen levels of bottom waters (Jørgensen 
1996). 
The continuous increase of organic matter input enhances the migration of the oxic-anoxic 
interface towards the sediment surface generating hypoxia or anoxia at the water-sediment 
interface (Jørgensen 1996; Viaroli et al. 2004). A decrease in benthic oxygen can impede the 
respiration of benthic communities, and stimulate the accumulation of toxic reduced 
compounds. It can also cause a reduction in the nitrification rate, and consequently a reduction 
in the denitrification rate. As a result, ammonium will be directly released into the water 
column and less nitrogen will be removed from the ecosystem (Enoksson 1987; Herbert 1999; 
Jørgensen 1996; Sloth et al. 1995). 
A healthy burrowing fauna can improve the exchange of oxygen between the sediment pore 
water pores and the overlying water (Berner 1980; Kristensen 2000). The deepening of the 
penetration of oxygen into the sediments enhances and guarantees the aerobic metabolism and 
therefore, increases the OM turnover (Enoksson 1987; Jørgensen 1996). However, the 
continued increase in OM deposition due to eutrophication can cause deterioration of the 
benthic macrofauna by reducing sediment oxygen content, as well as cause changes in benthic 
metabolism and nutrient dynamics (Jørgensen 1996). 
Amongst the critical threats to estuarine environments is the development of canal estates 
(Wolanski 2007). Their construction has increased considerably worldwide in the past decades 
(Waltham & Connolly 2011). It has been shown that these modified estuaries receive high 
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loads of land-derived nutrients, support high primary production rates, high OM deposition, 
and consequently promote changes in macrofauna structure (Cook et al. 2007; Cosser 1989; 
Lemckert 2006; Maxted et al. 1997; Morton 1989; Moss 1989). Accordingly, a number of 
concerns have arisen from the increase in the construction of these developments (Smith et al. 
1995); however, the potential threats they pose to coastal ecosystem nutrient cycling have been 
poorly addressed. 
 
2.7 Canal Estates Systems 
Residential canals have been classified according to their location with respect to tidal levels. 
Lindall and Trent (1976) defined three types of canal estates: inland, intertidal, and bayfill 
developments. As it can be inferred by its name, inland canals are characterized by being 
located inland, that is above high tide levels, whereas intertidal canals are located between high 
and low tide. Bayfill developments are located below low tide, where usually a shallow bay is 
filled with land (Lindall & Trent 1976). 
The main characteristic that all types of canal estates have in common is the replacement of 
soft estuarine structures by hardened structures such as retaining or revetment concrete walls. 
In some cases, these walls rely on a layer of imported sand (Morton 1989; Shoalhaven City 
Council 2014) with a layer of hard clay underneath it (Kellogg et al. 2013). In other cases, the 
walls have a geotextile layer and a protective rock layer on top (Kellogg et al. 2012). These 
structures, used to maintain stability of canal banks and protect them from the weathering and 
subsidence caused by stormwater runoff and tidal water movement (Kellogg et al. 2012) differ 
greatly from natural waterways (Morton 1989, 1992). 
Another feature of these artificial waterways have a single or very few outlets connecting them 
to the outer estuary or open waters. Their design is typically long, narrow and deeper than the 
water source (Lindall & Trent 1976; Maxted et al. 1997; Moss 1989). As a result, the tidal 
exchange with the water source is diminished, causing poor flushing and low flow of water. 
Hydrodynamic studies have shown that the tidal flow decreases progressively towards the 
landward end of the canal estate, and dead-end canals are poorly flushed (Moss 1989). This 
causes bottom water currents to diminish, resulting in an accumulation of fine silts and biogenic 
materials towards the canal dead-end (Cook et al. 2007; Cosser 1989; Lindall & Trent 1976; 
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Morton 1989; Maxted et al. 1997; Moss 1989; Nuttall & Richardson 1989; Reilly & Phillips 
1998; Waltham & Conolly 2011). 
Poor tidal energy together with deeper depths is also known to cause persistent saline 
stratification to be persistent (Lemckert 2006). This occurs because after saline water enters 
the canal, it remains trapped in the bottom, producing sharp haloclines, creating conditions 
favourable for depletion of dissolved oxygen. Also, the more dense saline water layer sitting 
on the bottom presents a lower capacity to hold dissolved oxygen than the less dense lower 
saline surface waters. Complete anoxia may occur in some cases, particularly during the 
summer time (Atkins 1989; Lemckert 2006; Lindall et al. 1975; Lindall & Trent 1976; Moss 
1989). 
The dredging of land for the construction of canal estates can be of concern due to the 
occurrence of acid sulphate soils and sediments (ASS) in many coastal areas (Ljug et al., 2010; 
Reilly & Phillips 1998). Acid sulphate soils and sediments are generally found in low-lying 
areas where canal estates are typically constructed. The sulfidic minerals present in the ASS, 
when disturbed and in contact with oxygen, produce sulphuric acid, which in turn decreases 
considerably sediment pH, and thus increases sediment metal mobility as well as metal 
concentrations of surrounding waterways (e.g. Ljug et al. 2010). Therefore, the disturbance 
generated by the construction of these canals can significantly degrade soil and water quality 
(Ljug et al. 2010). 
The construction of canal developments within coastal wetlands also changes the groundwater 
hydrodynamics of coastal areas by increasing the discharge of groundwater into coastal 
waterways (Macklin et al. 2014). A recent study undertaken in the Gold Coast canal 
developments revealed that the groundwater being discharged into these canals is CO2 rich and 
low in dissolved oxygen (DO), which would favour canal DO depletion as well as increase the 
coastal CO2 release to the atmosphere (Macklin et al. 2014). 
Similarly, the increase in hardened and impervious surfaces modifies hydrological and 
sedimentation regimes by reducing the infiltration capacity of soil as well as, increasing runoff, 
and nutrient loads running into the waterways (Lee et al. 2006; Morton 1989). Accordingly, 
canal estates often receive high loads of untreated urban stormwater, run off and a diversity of 
household and lawn care products, as well as wastes from overloaded or poorly mainta ined 
septic systems in some cases (Maxted et al. 1997). As a consequence, an accumulation of 
decomposing soft sediments and poor water and sediment quality has been recorded within 
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dead-end canals showing the significantly higher levels of nutrients and chlorophyll compared 
to the estuary they ultimately connect with (Lindall & Trent 1976; Maxted et al. 1997; Morton 
1989; Reilly & Phillips 1998; Waltham & Conolly 2011). 
Similarly, high levels of heavy metals have been found in canal estate sediments (Waltham et 
al. 2011). It has been shown that the reduced flushing rates and high boating activities typical 
of residential canals favour the accumulation of heavy metal concentrations in canal estate 
sediments. Pesticide contaminants and trace metals such as copper (Cu), zinc (Zn) and lead 
(Pb), have been found in sediments of residential canal estates of the Gold Coast, Queensland, 
Australia. Notably, and despite the fact that the concentrations of the heavy metals found in 
sediments are below national guidelines, high concentrations of Cu were also found in fish gills 
from canal estate fish (Waltham et al. 2011). 
In addition to physical and chemical influences, canal estates also have biological and 
ecological effects. While estuarine waterways present riparian vegetation, the only vegetation 
remaining around canal estates are the household gardens (Healthy Waterways 2016; Morton 
1992). In contrast to wetlands, they lack seagrass or macrophyte beds, and the benthic 
microalgae found in canal estates have diminished in quantity and in photosynthetic capacity 
(Cook et al. 2007).  
It has also been suggested that not only the narrow design of canals reduces aeration of water, 
but also low circulation of water reduces bottom water dissolved oxygen levels, mainly at dead-
end canals. High loads of untreated urban stormwater support high phytoplankton production. 
Studies undertaken in South-East Queensland artificial canals show that despite there is a 
complete absence of macrophytes, the food web of canal estates is supported by benthic 
microalgae (MPB) (diatoms) and seston (including phytoplankton) (Connolly 2003; Waltham 
& Connolly 2006).  
During daytime, the high primary productivity of the upper layer of the water column increases 
dissolved oxygen levels. During nigh time, however, respiration removes most of the oxygen 
from the water column (Morton 1992). With reduced levels of dissolved oxygen, 
phytoplankton die, settle below the euphotic zone and start to decompose, increasing the 
organic content of sediments and increasing even more the dissolved oxygen demand of bottom 
waters (Atkins 1989; Cosser 1989; Lindall et al. 1975; Lemckert 2006; Lindall & Trent 1976; 
Morton 1989; Moss 1989). 
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As a consequence of poor circulation, low dissolved oxygen values, small grain size of 
sediment and high loads of nutrients, canal estates experience a modification in the community 
structure. Taxa richness, abundance, biomass, growth and reproduction rate of the benthic 
fauna found in canal estates are lower than those found in coastal bays (Maxted et al. 1997). 
The benthic community of dead-end canals is dominated by oligochaetes, organisms that are 
known to be tolerant of pollutants and low levels of dissolved oxygen (Cosser 1989; Lindall & 
Trent 1976; Maxted et al. 1997). The change in the community distribution and structure found 
in canal estates of Palm Beach, Gold Coast, Australia, was found to be due to critically low 
dissolved oxygen levels and accumulation of fine organic sediments (Cosser 1989). 
Conversely, canal estates seem to be a good environment for ichthyofauna (Connolly 2003). 
The presence of commercially important fish species recorded in residential developments 
suggests that these artificial waterways act as an extension of the estuarine environment and 
thus represent a valuable habitat for local fisheries (Connolly 2007; Connolly 2003; Lindall et 
al. 1975; Morton 1989; Morton 1992; Smith et al. 1995; Waltham & Connolly 2013; Waltham 
& Connolly 2006).  
 
2.8  The Knowledge Gaps to Be Addressed 
Based on knowledge of problems associated with the development of these artific ia l 
waterways, it has been suggested by some authors that there are key factors that need to be 
taken into account when defining the design of canal estates. For example, canal length and/or 
distance between the dead-ends and the mouth, as well as the degree of the canal ramifica t ion 
seem to define canal estate flushing times, and therefore can be of importance (Lemckert 2006). 
Stormwater treatment prior to release into the canal estate has also been recommended as a 
way to decrease nutrient loads (Lemckert 2006). Finally, groundwater discharge has proven to 
be a significant source of CO2-rich water for canal estates (Macklin et al. 2014), and thus 
requires further research and consideration when planning the construction of residential canal 
estate. 
However, there is far more to be revealed about canal estates. Point and non-point sources such 
as stormwater or groundwater have been poorly assessed, or not even considered as yet. 
Additionally, studies describing structural differences between artificial canals and natural 
waterways, as well as water column stratification, removal of key components (e.g. mangroves, 
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seagrass) and, meiofauna and ichthiofauna (e.g. Lemckert 2006; Maxted et al. 1997), suggest 
that canal biogeochemical cycles and nutrient fluxes may also differ from natural, adjacent 
waterways (e.g. Jørgensen 1996). Importantly, there is very little research into whether nutrient 
processing is the same in canal estates as in undisturbed estuaries. Consequently, there is 
potential for significant alterations to keystone biogeochemical processes, such as aerobic and 
anaerobic respiration, ammonification, nitrification and denitrification. Accordingly, the canal 
system may present a significantly different outcome in terms of nutrient cycling, as well as 
carbon processing and sequestration. In this context, the often expansive area occupied by canal 
estates may represent a significant change to the wider ecosystems performance and role in 
coastal ecosystem. 
In order to increase the understanding of the role of canal estate in coastal ecosystems, the 
current project aims to build a detailed understanding of three key biogeochemical cycles  
(carbon, nitrogen and phosphorus) for two case study canal systems, and to assess the main 
implications that canal design and function may have for wider coastal ecosystem performance. 
This will have potentially important outcomes for future coastal ecosystem management as 
well as for our understanding of how such systems assist or hinder adaptation strategies for 
climate change impacts in coastal areas. 
 
2.9 Research Questions 
Based on all the information given above, the questions this research aims to answer are: 
i. What are the main features of artificial canal estates likely to influence C, N, and 
P cycles? 
- Can we identify the sources of natural and anthropogenic materials? 
- What are the standing stocks of nutrients the water column and sediments within the 
canal estates? 
ii. In the case study canal estates, what are the main biogeochemical pathways for C, 
N, & P processing? 
- Are the biogeochemical processes underpinning C, N and P cycling significant ly 
different to those reported for intact estuaries in similar settings (climate, land use etc.)? 
- What are the potential implications of C, N, & P cycling in canal estates for the adjacent 
estuary ecosystem? 
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iii. Are canal estates a sink or a source of nutrients (C, N and P)? 
- What implications do the results of this study have for the future management & 
design of canal estates? 
 
2.10 Objectives 
This thesis is comprised of three objectives, which are listed in Table 2.1, together with the 
methodology employed to address the objectives. Each objective and a detailed explanation of 
the methods will be presented in separate chapters.  
 
Table 2.1. Thesis objectives, methods or instruments and references. 
Objectives Method / Instrument Reference 
1. Identify the main 
features of artificial 
canal estates that are 
likely to influence 
C, N and P cycles. 
Literature review See Chapter 2 
Water and sediment 
baseline 
- Conley & Johnstone 1995 and others 
Build a conceptual 
model 
- University of Maryland Environmental 
graphics 
Rain - Bureau of meteorology, literature 
Stormwater - Literature 
Groundwater - Literature 
2. Characterize the 
key internal 
biogeochemical 
processes of canal 
estates. 
Nutrient Dynamics 
Dissolved nutrient 
measurements 
- Conley & Johnstone 1995; Dalsgaard et 
al. 2000 
Nitrification & Denitrification 
- Laboratory core 
incubations 
- Analytical 15N 
isotope pairing method 
- Conley & Johnstone 1995; Dalsgaard et 
al. 2000 
- Nielsen 1992; Nielsen & Glud 1996 
Primary Production 
Primary production 
and respiration rate 
- Dalsgaard et al. 2000 
3. Asses the relative 
significance of canal 
estates in terms of 
their potential 
- Build a nutrient 
budget and a LOICZ 
model 
- Gordon et al. 1996 
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capture or release of 
C, N and P. 
 
In view of this objectives, the following hypotheses are to be tested: 
H0 : Canal estates perform differently from the estuaries in which they sit regarding C, N and 
P. 
H1 : Canal estates perform the same as the estuary in which they sit regarding C, N and P. 
 
2.11 Study Locations and their Attributes 
This study was developed in two residential canal estates located in South East Queensland, 
Australia (Figure 2.6): Pacific Harbour (27°02’S, 153°08’E) and Calypso Bay (27°47’S, 
153°22’E). These canal systems are part of Moreton Bay, an embayment protected 
internationally by the Ramsar Convention on Wetlands with a wide range of physical, 
chemical, biological and ecological features (Dennison & Abal 1999). On its east side, the bay 
is protected by three sand islands that act as barriers protecting it from direct wave action. The 
eastern shoreline waters are clear blue due to low riverine and anthropogenic inputs. Also, there 
are three openings that connect the bay with the open ocean, which translate into short water 
residence time, and a very-well mixed water column (Gibbes et al. 2014). These conditions 
favour the existence of extensive seagrass beds with high fixation of N2, which support a 
diverse food web (Dennison & Abal 1999).  
On the contrary, the western shoreline suffers from high riverine inputs and runoff, as well as 
high point source inputs (e.g. sewage treatment plants), which added to the long residence time 
translates into high nutrient concentration, high water column turbidity, and thus low 
phytoplankton biomass (Dennison & Abal 1999). Due to the lack of light availability the 
distribution of seagrass in this area has decreased in the past years and phytoplankton is the 
major primary producer (Dennison & Abal 1999).  
 
  47 
 
 
Figure 2.6. Study site locations in Moreton Bay, South East Queensland, Australia. A) Pacific 
Harbour canal estate; b) Calypso Bay canal estate. Modified from Wolanski (2014). Numbers 
represent sampling locations. *Stations at which sediment cores were taken. 
 
The study area is characterized by subtropical weather with two seasons: dry conditions during 
the winter time (May-October), and heavy rainfall during the summer time (November-April) 
(Heggie & Skyring 1999). Moreton Bay mean rainfall during wet season is 1200 mm, and 900 
mm during dry season (Bureau of Meteorology 2014). Accordingly, during the wet season 
riverine sediment inputs and runoff to the western side of the bay increases, causing light 
availability and phytoplankton concentration to decrease. After rain events, light availability 
increases allowing phytoplankton levels to grow. As a consequence, sediment deposition 
increases after rain events, and this has been shown to increase respiration and denitrifica t ion 
rates in some coastal ecosystems (e.g. Heggie & Skyring 1999). 
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The broader area encompassing the two study sites is Moreton Bay. The mean highest 
atmospheric temperature in the area is 30°C and occurs during January in summer (Bureau of 
Meteorology 2014). Similarly, the mean monthly temperature at Pacific Harbour (PH) is 30°C 
during summer time (wet season) and 19°C during winter time (dry season) (Heggie & Skyring 
1999). The mean monthly temperature at Calypso Bay (CB) is 28°C during summer time (wet 
season) and 21°C during winter time (dry season) (Bureau of Meteorology 2014). Accordingly, 
the highest evaporation occurs during summer time (wet season), with 500 mm, and 300 mm 
during winter time (Bureau of Meteorology 2014). 
All the information available about each canal estate is presented in detail below. 
 
2.11.1 Pacific Harbour 
Pacific Harbour canal estate is located in Bribie Island, at the northern end of Moreton Bay, 
and it receives tidal inputs from the shallow Pumicestone Passage estuary (Figure 2.6.a). The 
island population began to increase during the 1970s to a population of 17,045 inhabitants by 
2011 (Centre for the Government of Queensland). This population increase coincided with an 
increase in residential and industrial developments on the west and east coast of the southern 
part of the island (Armstrong & Cox, n.d.; Davie 2011; Taulis et al. 2011;). The growth in 
developments also increased the amount of impervious surfaces, which favours urban runoff 
into the natural and artificial waterways. Studies of turbidity and water quality indicate that 
waters of the Pumicestone Passage and the canal estates of Bribie Island are strongly affected 
by rainfall (Kellogg Brown & Root Pty Ltd 2012). For this reason, seasonal differences are 
expected. On the other hand, the sewage system of the south of the island was completed by 
1981, and today all urban developments are seweraged, including Pacific Harbour canal estate. 
Bribie Island is a low relief island mainly composed of sand, which limits the surface water 
runoff (Armstrong & Cox, n.d.; Davie 2011; Isaacs & Walker 1983; Taulis et al. 2011). Despite 
this, it is important to note that the central section of the island is covered by exotic pine 
plantations (Pinus elliottii) (Armstrong & Cox, n.d.; Davie 2011; Isaacs & Walker 1983). The 
contribution of these plantations can also be an important nonpoint source of dissolved 
nutrients to Pacific Harbour canal estate. 
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The groundwater input to the coastal areas of the island is of importance, as described by a 
study undertaken by Gleeson (2012). Two aquifers exist over an extensive area of the island : 
the deeper one is located under a layer of rock and the other one above it, only 1 meter below 
the surface. The rainwater that enters the aquifers by infiltration almost instantly after 
precipitation is stored and slowly drained into the ocean, mainly during low tide (Armstrong 
and Cox, n.d.; Isaacs & Walker 1983; Taulis et al. 2011). This means that a flow of groundwater 
into Pacific Harbour canal estate during ebb tide is as important as 0.5-1.5 % of the total volume 
of water entering the canal (Gleeson 2012). 
The three tidal creeks located on the southwest shoreline of the island that drain excess 
rainwater into Pumicestone Passage during the wet season also receive tidal inputs from the 
Pumicestone Passage (Armstrong & Cox, n.d.; Isaacs & Walker 1983; Taulis et al. 2011). One 
of these is Dux Creek, which used to be the largest inlet, with extensive mangroves all along 
its length. However, in 1988 the construction of the Pacific Harbour canal estate began in this 
creek (Kellogg et al. 2012) remaining only some wetlands and mangroves in the area 
(Armstrong & Cox, n.d.; Taulis et al. 2011).  
The research area for this study is located on the northern arm of the Pacific Harbour canal 
estate. On construction, Pacific Harbour (PH) replaced Dux Creek, the largest tidal creek of 
Bribie Island, which was mangrove- lined along its length. This development was constructed 
on low-lying land by dredging material to form the canal, and the dredged material was used 
to elevate the development platforms. In the first stage of the project the northern arm (Solander 
Waters) was a tidal lake with no connection to Pumicestone Passage. Only when the southern 
arm (Solander Quays) was constructed, both arms were connected to the estuary (Kellogg et 
al. 2012). The canals were given and mean depth of 2.7 m LAT (lowest astronomical tide), 
with some locations reaching >3 m depth (Kellogg et al. 2012). 
The canal estate infrastructure differs considerably from the tidal creek that was once. The 
canal estate has concrete retaining walls of 2.54 m tall as a measure to stabilise the canal banks. 
Also, to reduce the depth of the canal wall at a low-cost, the sides of the canals are sloped 
(battered). To protect the canals batters from scour, a rock layer and a geotextile underneath it 
were positioned in front of the canal walls. The walls also have a drainage system that consists 
of free draining granular backfill, drainage zones and wall drains to avoid the occurrence of 
hydrostatic pressure that could destabilize the wall (Kellogg et al. 2012). 
  50 
 
Analysis of bed level changes and sediment sampling carried out by Kellogg et al. (2012) after 
the construction of the development, indicate that the material deposited in the canal bed is 
freshly imported from Pumicestone Passage, and that it is constituted mainly by suspended 
marine silt and clay particles coming from Pumicestone Passage. Moreover, particle size 
distribution (PSD) of the sediments show that the surface sediments are very rich in silt and 
clay (95%) and that they are composed of dark grey marine clay, while deeper sediments have 
a higher proportion of sand. 
Given that the area surrounding the canal is flat, fully vegetated, and that its soils are mainly 
sand, siltation coming from upland catchments is not significant (Kellogg et al. 2012). 
Measurements of daily siltation, turbidity, current velocities and sediment transport indicate 
that the sediments are transported into the canals by the tide and that the entrance of suspended 
material from the Pumicestone Passage exceeds the export, since tidal flows do not necessarily 
resuspend material from the canal bed (Kellogg et al. 2012). Also, the highest rates of siltat ion 
were found at the entrance and at the “T” junctions of the canals (Kellogg et al. 2012). The 
estimated annual siltation rate is between 50 to 100 mm/a. Compared to the Bribie garden canal 
estate, Pacific Harbour has higher levels of siltation due to the lack of a weir at the entrance 
(Kellogg et al. 2012). 
Some minor deposition in canal estate sediments comes from stormwater outlets and from 
construction near the marina. Around stormwater drains siltation patterns (“plumes”) found in 
the north-eastern canals of Pacific Harbour indicate that there is some impact from stormwater 
run-off. However, the estimated contribution from stormwater run-off to the annual siltat io n 
was only 0.25% of the total (approximately 50 m3/a), which indicates that much of the impact 
caused by this run-off took place during the last phase of construction, when some houses were 
still being built (Kellogg et al. 2012). 
 
2.11.2 Calypso Bay 
In contrast to the Pacific Harbour canal system, the Calypso Bay canal estate is located south 
of Moreton Bay (Figure 2.6.b) and it receives tidal inputs from Pimpama Estuary. Pimpama 
Estuary is shallow and hosts mangroves, seagrass (Zostera capricorni) and sub-tidal shoals 
(Eyre et al. 2011). By observations made on fieldwork during the development of this study, it 
can be said that the area is flat, and it is surrounded by sugar cane plantations, a Melaleuca 
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forest, and a spoil disposal site used to treat the material dredged from the Jacob’s Well 
Navigational Channel (Cardno Pty Ltd 2008). 
Unlike the previous study location, this canal estate is in its primary stage of settlement. This 
development was also constructed on a low-lying land inhabited by extensive mangroves, and 
during its construction material had to be dredged and used as filling. According to the Gold 
Coast City Council (2013), the area has stormwater infrastructure that drains untreated 
rainwater into the waterways as a way to prevent floods. Thus, the principal sources of run-off 
contain fertilizers used in sugar cane farming (i.e. urea; Weier 1994), and effluent generated 
by the spoil disposal site.  
Calypso Bay canal estate is part of the Coomera-Pimpama District Plan and the Gold Coast 
Sewerage Network and is fully sewered. Recycled water (Class A+) is provided to all houses 
of the Gold Coast City Council, and it can be used for irrigation of garden, lawns and vegetable 
crops, flushing toilets, washing cars or other outdoor uses, for filling ornamental ponds or 
fountains, for firefighting and for approved construction and industry uses, but not for drinking 
(Gold Coast City Council 2013). Recycled water (Class A+) quality is defined according to the 
content of bacteria, virus, protozoa and helminthes, but no information is available regarding 
its dissolved nutrient content (Gold Coast City Council 2013). 
Based on the information given above about canal estate and the knowledge gaps identified, a 
series of methods are used to achieve the proposed objectives. The next chapter reviews the 
general approach taken by this study, and the topics addressed in each subsequent chapter.                        
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Chapter 3. Overall Research Approach and Key Methods 
As noted by Barnes and Mazzotti (2005), the first step in management is to identify all the 
knowledge available about a system. In this regard, the first objective (Chapter 2) aims to use 
the background literature to identify the state of knowledge about residential canal estate, a 
basic description of a canal estate system was developed (stage 1, Figure 3.1). From these 
existing data, it was possible to define the research questions and objectives of the present 
research (stage 2, Figure 3.1), which are presented in Chapter 3. 
As way to establish the baseline conditions and physical, biological and chemical scales that 
prevail in the water column and the benthos, a pilot study was planned and undertaken (stage 
3, Figure 3.1) in two study locations: Pacific Harbour and Calypso Bay. Approximate ranges 
for standing stock values of nutrients in both water column and sediments were established at 
this stage. Based on these results we were able to review, define and validate the targets of the 
present research, the sampling locations and frequencies.  
The fourth stage of this study was to organize all the data gathered from the pilot study of both 
canal estates in a conceptual model (stage 4, Figure 3.1). This allowed us to identify a list of 
physical, biological and chemical elements and processes that interact within residential canal 
estates. As a result of these interactions, canal estate nutrient sources and the potential effects 
that they may have on biogeochemical cycles were also identified. The specific methodology, 
results and discussion of stages 3 and 4 are described in Chapter 4. 
The second objective target was to elucidate the key biogeochemical processes operant in these 
two canal estates. For this purpose, measurements such as primary production, oxygen and 
nutrient fluxes, as well as denitrification rates were undertaken. The specific methodology, 
results and discussion of this objective (stage 5, Figure 3.1) can be found in Chapter 5. 
The third objective comprises the use of a LOICZ model to estimate the volumes of exchange 
with the water source and consequently, to define whether these two canal estates function as 
nutrient sources or sinks. This objective and its specific methodology, results and discussion 
are discussed in Chapter 6 (stage 6, Figure 3.1). 
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Figure 3.1. Summary of the research approach indicating the different stages and chapters. 
Stage 1 is developed in Chapter 2; stage 2 is developed in Chapter 3; stages 3 and 4 are 
developed in Chapter 4; stage 5 is developed in Chapter 5; stage 6 is developed in Chapter 6. 
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Chapter 4. Baseline Features and Physico-chemical 
Conditions in Residential Canal Estates 
4.1 Introduction 
The increase in human population has exerted a wide range of anthropogenic pressures on 
coastal ecosystems (e.g. Elliot & McLusky 2002; Kennish 2002; Wolanski 2013; Wolanski & 
Elliott 2015). In this regard, the replacement of coastal habitats by the construction of artific ia l 
canal systems has led to significant alteration of some estuarine systems and can have 
potentially profound impacts on the associated aquatic environment (Reilly & Phillips 1998; 
Cook et al. 2007). 
The construction of artificial waterways widens the estuarine environment (Dunn et al. 2013) 
in which complex physical, chemical and biological processes interact on multiple space and 
time-scales (Alongi 1998). Accordingly, it is crucial to see the estuary as an ecosystem, and to 
consider each one of the processes involved, as well as the interactions between them 
(Wolanski 2007). It is also important to consider the interactions that the estuary has with the 
surrounding environments, including oceanic physical and biological interactions. 
Consequently, the canal estate itself is considered as a system, which also sits in a bigger 
system, e.g. the larger estuary.  
For management purposes it is important to understand the complex interactions that occur 
between physical, chemical and biological factors in estuaries (Wolanski 2007). In an estuary, 
the most important physical process is water movement. Water movement is in turn impacted 
by other physical parameters, including: bathymetry, tidal currents, freshwater inflow, land-
derived water runoff, and water density (correlated to salinity and temperature). (Hubertz et al. 
2005). In a natural environment such as an estuary the physical parameters named above cannot 
be easily measured (e.g. land run-off, bathymetry) (Hubertz et al. 2005; Wolanski 2007), but 
they can be important factors during the planning and the construction of canal estates 
(Lemckert 2004). 
Estuarine bathymetry can affect the capacity of the estuary to exchange water with the open 
waters (Swaney & Giordani 2007; Wolanski 2007). The shallower an estuary is the more 
friction the water entering the estuary encounters during the flood tide and thus the more tidal 
energy is dissipated, leading to a decrease in water exchange. In deeper estuaries, water currents 
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travel faster, less energy is dissipated, and the flushing rates are higher. On the other hand, 
existing research shows that due to the irregular bathymetry that characterizes canal estates, 
there is often a decrease in water exchange (Maxted et al. 1997; Moss 1989) and, as a result, 
water stays trapped near the bottom, in depressions of the benthos referred to pockets 
(Lemckert 2006). 
Linked to bathymetry is sediment grain size and porosity. These sediment characteristics have 
been used to explain the interactions that sediments have with water currents, as well as with 
biological (e.g. phytoplankton, benthic microalgae) and chemical (e.g. release or absorption of 
nutrients) elements in the water column and benthos (Wolanski 2007). For example, a study 
undertaken in Chesapeake Bay shows that phosphorus inputs to the bay are related to the 
sediment load coming from land, and that by reducing land erosion, phosphorus loads were 
decreased (Seagle et al. 1999). In canal estates, it has been shown that towards the canals dead-
end and due to decreased water exchange, there is deposition and accumulation of fine 
materials (Maxted et al. 1997). As a consequence, an accumulation of soft sediments is 
observed at inner sites, which can affect the macro- and microfauna distribution, as described 
later (Maxted et al. 1997; Morton 1989). 
Another physical factor relevant for estuaries is tidal variation (Swaney & Giordani 2007). Due 
to the nature of tidal currents, estuaries experience water level variations on a daily basis during 
high and low tide, but also on a weekly basis with spring and neap tide (Hubertz et al. 2005). 
However, Lemckert (2006) showed that canal estate tidal flows decrease towards the inland 
end of the canals and consequently, tidal exchange is reduced. In order to capture variatio ns 
that occur as a result of tidal fluctuations, sampling sites need to be distributed along 
longitudinal transects in such canal estates, in such a way that they cover the full extent of tidal 
reach. Also, Lemckert (2006) study highlights that to capture the influence of tidal state on 
physical, chemical and biological parameters, target parameters need to be sampled with high 
frequency (every hour) across a full tidal cycle at each station along the transects. In addition, 
to quantify the impact of seasonality on physical, chemical and biological parameters, target 
parameters need to be sampled in both the wet and the dry season. 
Similar to tidal inputs, freshwater inflows represent an important physical aspect interacting 
with biological processes in estuaries. In the particular case of canal estates, however, river 
inflows are not relevant due to the artificial nature of canal estates. Instead, untreated 
stormwater is commonly directly discharged into canal estates (Maxted et al. 1997) and may 
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be of relevance as an important source of freshwater and materials for canal estates (Maxted et 
al. 1997). Impervious surfaces surrounding canal estates reduces soil infiltration, and in turn, 
increases runoff and nutrient loads being delivered into these artificial waterways (Lee et al. 
2006). Stormwater measurements were not the scope of this study; however, untreated 
stormwater inputs should be considered when managing residential canal estates (Lemckert 
2006). 
The internal water mixing of an estuary can also be affected by differences in water density 
(Swaney & Giordani 2007; Wolanski 2007). Water density is determined by water temperature 
and salinity. In this sense, freshwater and warmer water are less dense than saline and colder 
water. This difference in water bodies’ density (and salinity and/or temperature) can cause 
stratification of the water column, which in turn can impede vertical mixing and/or water 
circulation of the estuary, then increasing the possibility of oxygen depletion and changes in 
biogeochemical processes. This is often the case in canal estates, as shown by water profiles 
taken against depth by Lemckert (2006) at the Sorrento Canal estate, located in the Gold Coast, 
South East Queensland, Australia (Figure 4.1). A series of studies have also described that the 
poor connection to the external water body, in conjunction with the irregular bathymetry, 
causes vertical and horizontal stratification of the water column in these artificial waterways 
(Atkins 1989; Moss 1989). 
 
 
Figure 4.1. Salinity and dissolved oxygen (DO) variations in water profiles within the Sorrento 
Canal estate, located in the Gold Coast, South East Queensland, Australia. Vertical saline 
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stratification of the water column favours the depletion of dissolved oxygen in bottom waters. 
Taken from Lemckert (2006). 
 
The physical factors named above drive estuarine biological processes by creating a zonation 
in the distribution of estuarine organisms (Wolanski 2007). Biological parameters interacting 
in an estuarine system include: water column chlorophyll-a concentration, water column DO, 
benthic microalgae (BMA) composition, and the state of the sediment micro- and macrofauna. 
For example, the water column of canal estates are often reported to display high levels of 
chlorophyll-a and dissolved nutrients concentrations, especially at the dead-end canals (Moss 
1989). Currently, the low tidal flow characteristic of canal estates allows dead phytoplankton 
and other microorganisms to settle out to the benthos favouring the accumulation of 
decomposing organic matter in the sediments. This accumulation of organic matter, added to 
water stratification can subsequently causes a depletion of bottom water dissolved oxygen 
(Lemckert 2006) and the accumulation of anthropogenic and other materials (Maxted et al. 
1997).  
Unlike other coastal ecosystems, canal estates lack macroalgae, such that their food web is 
based upon microscopic algae, namely phytoplankton, and to a lesser extent on benthic 
microalgae (Connolly 2003; Waltham & Connolly 2006). As noted by several authors (Cosser 
1989; Lindall & Trent 1987; Maxted et al. 1997), the lack of macroalgae can lead to fluctua t ion 
and significant change in the canal estate benthic community structure and composition (Cosser 
1989). Research undertaken in canal estates in the Gold Coast, Australia, have shown a change 
in community distribution and structure due to critical low dissolved oxygen (DO) levels and 
the accumulation of fine organic sediments. Likewise, Maxted et al. (1997) reported that the 
benthic community of dead-end canals in Maryland, The United States, is generally dominated 
by oligochaetes, organisms that are known to be tolerant to pollutants and low levels of 
dissolved oxygen. 
Considering the findings of these prior studies on canal estates, the first objective of this thesis 
is to identify the main features of artificial canal estates that are likely to influence C, N and P 
cycles. In order to meet this objective a pilot study was undertaken in the two study sites to set 
the boundaries of the project. The pilot study is presented as a discrete study and the key 
insights drawn from this chapter leads to the specific activities undertaken in the later chapters. 
Based on these results an initial conceptual model was also constructed to inform decisions on 
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study location and target processes. Some of the data collected here is critical for Chapters 5 
and 6. The methodology used for this pilot study and the results are presented below. 
 
4.2 Methodology 
4.2.1 Study Site Description 
As mentioned above, this study was undertaken in two residential canal estates located in South 
East Queensland, Australia: Pacific Harbour (PH) and Calypso Bay (CB) (Figure 4.2). The 
canal estates are similar but with some distinctive features described in detail below. Both canal 
systems connect with the western side of a large estuary, Moreton Bay in south eastern 
Queensland. 
The area encompassing both study locations is characterized by subtropical weather with two 
seasons: dry conditions during the winter time (May-October), and heavy rainfall during the 
summer time (November-April) (Heggie & Skyring 1999). The annual mean rainfall is 1,602 
and 1,358 mm at PH and CB, respectively corresponding with the heavy rainfall concentrated 
between November and April (Heggie & Skyring 1999). Accordingly, during the wet season 
riverine sediment inputs and runoff to the western side of the bay increases, causing light 
availability and phytoplankton concentration to decrease. After rain events, light availability 
increases allowing phytoplankton levels to grow. As a consequence, sediment deposition 
increases after rain events, as well as respiration and denitrification rates (Heggie & Skyring 
1999). 
The mean monthly temperature at PH is 30°C during summer time (wet season) and 19°C 
during winter (dry season). The mean monthly temperature at CB is 28°C during summer time 
(wet season) and 21°C during winter time (dry season). Accordingly, the highest evaporation 
occurs during summer time (wet season), with daily rates of 500 mm, and 300 mm during 
summer and winter time respectively (Bureau of Meteorology 2014). 
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Figure 4.2. Location of the two study sites: a) Pacific Harbour canal estate and, b) Calypso 
Bay canal estates. The numbers indicate the sampling locations for water profiles, and water 
and sediment samples. Modified from Wolanski (2014). 
 
4.2.1.1 Pacific Harbour 
As mentioned in Chapter 1, the Pacific Harbour canal system is densely populated (see Figure 
4.3.a) and thus, has higher car and boat traffic compared to Calypso Bay. Tidal inputs coming 
from Pumicestone Passage enter the canal through the main and large opening located to the 
south. The mean tidal range at Pacific Harbour is 1.56 m. A second opening was identified 
during a pilot survey project (see Figure 4.3. pictures b and c), which only connects to 
Pumicestone Passage during spring high tides, and drains excess rainwater during flood events. 
In this regard, studies of turbidity and water quality indicate that waters of the Pumicestone 
Passage and the canal estates of Bribie Island both are strongly affected by rainfall (Kellogg et 
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al. 2012). For this reason, seasonal differences in water column physico-chemical and 
biological features are expected. 
The extent of the urban development has also increased the extent of impervious surfaces, 
which favours urban runoff into the natural and artificial waterways. Stormwater drainage 
systems identified during a pilot survey undertaken at the beginning of the project are shown 
in Figure 4.3.d. Stormwater drains in Pacific Harbour without any form of water treatment and, 
consequently some deposition has been described near the stormwater drains. In contrast, 
domestic waste water in all urban developments are treated and not discharged locally (Kellogg 
et al. 2012). 
Due to the sandy nature of the island, surface runoff in non-paved areas is limited compared to 
runoff observed in the Australian continent (Armstrong & Cox, n.d.; Davie 2011; Isaacs & 
Walker 1983; Taulis et al. 2011). However, the infiltration of rainwater with dissolved nutrients 
into the aquifers (see Section 2.11) is instant during rain events (Armstrong & Cox, n.d.; Isaacs 
& Walker 1983; Taulis et al. 2011). For this reason, it is important to consider the potential 
contribution that a golf course (see Figure 4.3.e) and exotic pine plantations (Pinus elliottii) 
may have on the groundwater nutrient concentration. 
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Figure 4.3. North arm of Pacific Harbour canal estate and potential key features identified in 
a pilot survey undertaken at the beginning of the project. The system is densely populated as 
shown in picture (a). Pictures (b) and (c) show the second opening that only connects to 
Pumicestone Passage during spring high tides and after rain events (b). During low tide (c) this 
connection is lost. The orange cylinders show the location of drainage systems identified during 
the survey, and picture (d) shows a close-up to one of them. The red circle (e) shows the golf 
course that is located north of the canal system. 
 
4.2.1.2 Calypso Bay 
Compared to PH, Calypso Bay canal estate is in its early stage of settlement, as shown by 
Figure 4.4.a, and consequently the road and boat traffic is lower compared to PH. Also, CB has 
only one opening through which it receives tidal inputs from Pimpama Estuary (see Figure 
4.4.b). The mean tidal range of this canal system is 0.56 m.  
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The Calypso Bay canal system also has several systems which drain untreated rainwater into 
the waterways as a way to prevent floods (see Figure 4.4.c). As in Pacific Harbour, the 
development of this canal system has increased the extent of impervious surfaces so that 
stormwaters flow directly into the canal system from across the associated urbanised area. Due 
to its earlier level of development, Calypso Bay is also adjacent to an active sugar cane 
production area and a wetland area dominated by Melaleuca species. Accordingly, the principa l 
sources of run-off are derived from the immediate urbanised areas as well as from the adjacent 
sugar cane farming (i.e. urea; Weier 1994), the Melaleuca forest and the spoil disposal site 
derived from land levelling in some parts of the site (see Figure 4.4.d). 
 
 
Figure 4.4. Calypso Bay canal estate and potential key features identified in a pilot survey 
undertaken at the beginning of the project. The system is not fully inhabited as shown in picture 
(a). Picture (b) shows the only connection that the system has with the Pimpama Estuary. The 
orange cylinders show the location of drainage systems identified during the survey and (c) 
shows a close-up to one of them. The red circle (d) shows the spoil disposal site used to treat 
the material dredge from the Jacob’s Well Navigational Channel. 
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4.2.2 Baseline Environmental Assessment 
In order to build an effective systems view, we need to understand the baseline conditions of 
canal estates. For this reason, the first stage of this chapter is focused on establishing the water 
and sediment physico-chemical and biological features of the two case study sites. The physical 
properties measured included bathymetry, water physico-chemical and biological conditions, 
as well as the standing stock of water column and benthic nutrients. This information was 
subsequently used to define sampling locations and frequencies. Based on the information 
collected in the baseline study, a conceptual model was also constructed, which is described in 
the last section of this chapter. This conceptual model was used to collate the information 
available about both canal estate study sites, and to define further aspects of the ensuing field 
measurement, sampling locations and frequencies.  
 
4.2.2.1 Physical Dimensions of Canal Estate (Bathymetry) 
As suggested previously, the dredged nature of canal estates means they typically have an 
irregular bathymetry (Maxted et al. 1997; Moss 1989), which can have important implicat ions 
for estuarine circulation, net ecosystem metabolism and nutrient cycles (Alongi 1998). Also, 
variations in flushing rates and water movement favour the existence of areas with higher 
deposition rates that become shallower with time (Kellog et al. 2012), further altering the local 
bathymetry. In the same way, deeper areas represent pockets where more dense and saline 
water can be trapped favouring oxygen depletion (Harding et al. 1999). In light of this, 
bathymetric measurements were undertaken to locate the deepest and shallowest areas within 
these canal estates. To this end, a boat mounted Garmin GPS depth sounder using a different ia l 
land station for accuracy checking was used, and bathymetric maps were generated from these 
data using the ArcGIS 10.2 software package. 
 
4.2.2.2 Physico-chemical and Biological Features of Canal Estate Waters 
As previously noted, fresh water inputs from rainfall, stormwater and groundwater can be 
important for water chemistry in canal system potentially leading to salinity stratification in 
the water column of canal estates, and to oxygen depletion in bottom waters (Lemckert 2006). 
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As noted by Kellogg et al. (2012), increased rainfall during the wet season (November to May) 
can lead to high run-off and stormwater load into residential canal estates. After rainfa ll 
episodes water quality of Bribie Island canals displays the highest values of turbidity relative 
to the adjacent estuary, indicating high inputs of suspended sediment relative to Pumicestone 
Passage (Kellogg et al. 2012). Similarly, untreated stormwater can contain contaminants, 
nutrients and organic matter, which have the potential to change the flux of nutrients and 
oxygen metabolism at the sediment-water interface (Dunn et al. 2013).  
Due to seasonal variations in rainfall at each study locations, water column physico-chemica l 
and biophysical conditions were recorded during the wet and the dry season using an ALEC 
Rinko Profiler (Figure 4.5). Water profiles were recorded from surface to bottom, and 
measurements included water temperature (°C), salinity (PSU), pH, photosynthetically active 
radiation (PAR; µmol m-2 s-1), turbidity (FTU), chlorophyll-a concentration (µg l-1), and 
dissolved oxygen (mg l-1). The spatial distribution of data collection aimed to identify spatial, 
tidal and seasonal differences in these physico-chemical and biophysical variable. 
The data collected by the ALEC Profiler was transferred to the computer in an excel format 
with the JFE Sonde Communication Package Software (JFE Tech, Japan). Chlorophyll-a 
concentrations given by Alec Rinko Profiler were cross validated with water Chl-a samples. 
Water profile graphics were plotted using the Microsoft Excel 2010 and Sigma Plot 13.0. 
Statistical analyses were performed using the IBM SPSS Statistics 22 software package. 
In order to identify spatial variations between dead-end canals and stations located near the 
canal mouth, water profiles were undertaken across 12 stations at Pacific Harbour and seven 
stations at Calypso Bay (Figure 4.2) during the wet seasons of 2014. Also, during the ensuing 
dry season of 2014, water profiles were undertaken during high and low tide across ten stations 
at Pacific Harbour and six stations at Calypso Bay. Water profiles were recorded at a high 
frequency (every hour) across a full tidal cycle at four stations at Pacific Harbour canal a day 
after a rain event occurred during the wet season (2015), as a way to define fundamental tidal 
and seasonal variations. The mean and standard deviations for physical, chemical and 
biological parameters were calculated over the water column depth. 
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Figure 4.5. ALEC Rinko profiler model AAQ176 used during the baseline study to measure 
water column physico-chemical and biophysical conditions. Measurements included water 
temperature (°C), salinity (PSU), pH, photosynthetically active radiation (µmol m-2 s-1), 
turbidity (FTU), chlorophyll-a concentration (µg l-1) and dissolved oxygen (mg l-1). 
 
4.2.2.3 Determination of Nutrient Standing Stocks 
Along with water profiles, duplicate water samples were taken at a 0.5 m depth during the wet 
season of 2014 in both canal estates. Similarly, during the dry season of 2014 duplicate surface 
and bottom water samples were taken at nine stations in Pacific Harbour and six stations in 
Calypso Bay (Figure 4.2). Surface water samples were taken from approximately ~0.5 m depth 
with an acid washed and pre-rinsed plastic bottle (Figure 4.6.a), and bottom water samples 
were taken at 0.5 m above the bottom using a Niskin bottle. Samples were immediately filtered 
through a pre-rinsed 0.45 µm Millipore Express Polyethersulfone (PES) Merk membrane filters 
using a 50 mL syringe to remove particles and microorganisms that may alter nutrient levels in 
the sample (Figure 4.6 b and c). All materials used for this purpose were previously acid washed 
rinsed with distilled-deionised water. 
Water samples were then stored on ice in 10 mL falcon tubes, frozen immediately after 
returning to the laboratory, and then transported to the School of Agriculture and Food Science, 
University of Queensland, to be analysed. Soluble reactive phosphorus (SRP) and NOx (nitrate 
+ nitrite) concentration were determined colorimetrically according to the methods proposed 
by Grasshoff et al. (1983). Ammonium concentration was determined using the standard 
colorimetric method proposed by Bower and Holm-Hansen (1980). Nutrient analysis included 
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the use of reagent blanks containing distilled water being treated as a sample, as well as the use 
of spectrophotometer cell blanks filled with distilled water in order to measure the difference 
between the sample and the reference cells. Calibration curves were done with five different 
standard concentrations at the beginning of every measurement. 
 
 
Figure 4.6. a) Plastic vessel used to take the water samples from the surface. b) Millipore 
Express polyethersulfone (PES) Merk membrane filters (0.45 µm). These filters are sterile and 
ready to use. c) Syringe also is sterile and ready to use.  
 
4.2.2.4 Benthic Characteristics 
Sediment grain size and porosity are useful when seeking to determine the origin of the 
sediment particles, and whether the sediment is likely to be deposited, or resuspended and 
transported by water currents (Wolanski 2007). These sediment characteristics are also useful 
in helping to explain the interactions that the sediment particles may have with biological (e.g. 
phytoplankton, BMA) and chemical (e.g. release or absorption of nutrients) elements of the 
water column and benthos (Wolanski 2007), as well as important biogeochemical processes 
such as OM degradation (Alongi 1998). For example, muddy sediments are easily resuspended 
decreasing light availability and consequently, impeding pelagic and benthic photosynthes is. 
Similarly, determination of sediment nutrient stocks is useful in understanding the sediment 
chemical characteristics, locations where OM accumulation occurs, and to define the sediment 
nutrient ranges that might participate in biogeochemical processes. 
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Grain Size 
Sediment samples were collected at three stations within each canal estate as shown in Figure 
4.2. Samples were collected from the top 5 cm of the sediment core using an acid washed metal 
spoon , kept in acid washed glass containers (Figure 4.7 a and b), and stored on ice until they 
were frozen at -20°C degrees. Grain size analysis were performed by the Chemistry Centre, 
Department of Science, Information Thechonology and Innovation (DSITI) using the laser 
light scattering method (Kenny & Sotheran 2013). Sediment samples were carefully mixed 
before taking subsamples for the measurements. Sediment grain size distribution was described 
using the Undden/Wentworth grade scale and the phi notation (ϕ) for sand, silt and clay (Table 
4.1).  
 
Table 4.1. The Wentworth sediment grade scale used by this study to characterise both canal 
estates gran size. Modified from Kenny and Sotheran (2013). 
Description Particle Size (µm) ϕ (phi) 
Gravel 2,560 to 4,000 -8 to -2 
Sand 2,000 to 62.5 -1 to 3.5 
Silt 62.5 to 4 4 to 8 
Clay < 4 < 8 
Porosity 
Sediment samples were collected and stored as described above. Porosity was determined in 
conjunction with the process measurements described in Chapter 5. Sediment porosity 
represents the volume of the pore space in sediments, and it was determined by the saturation 
method according to Kenny and Sotheran (2013) (Table 4.2). 
 
Table 4.2. Porosity values and sediment type. Modified from Barnes (1936). 
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Sediment Type Porosity (pt) 
Gravel 0.25 – 0.40 
Sand 0.25 – 0.50 
Silt 0.35 – 0.50 
Clay 0.40 – 0.70 
 
Determination of Nutrient Stocks in Sediments  
Sediment cores were taken from four stations at Pacific Harbour canal estate during the wet 
season 2015 (Figure 4.2 a, stations 1, 8, 9 and 10). Similarly, sediment samples were collected 
from three stations at Calypso Bay during the dry season 2015 (Figure 4.2.b, stations 1, 9 and 
5). Samples were collected from the top 5 cm of the sediment core using an acid washed metal 
spoon, and stored in acid washed glass containers (Figure 4.7 a and b). Samples were stored on 
ice, until they were frozen at -20°C degrees. Nutrient analysis (TC, TOC, TN, TP) were 
performed by the School of Agriculture and Food Science. Sediment samples were analysed 
by combustion for TN, TC; for TOC samples were previously acidified. Samples for TP were 
analysed by ICPOES after digestion by microwave using a 2:6:2 combination of 
HNO3:HCl:HF acids as performed by Conley and Johnstone (1995). 
 
 
Figure 4.7. a) Sediment core taken for nutrient analysis. Samples were collected from the top 
5 cm of the sediment core using an acid washed metal spoon. b) Acid washed glass container 
with sediment sample. 
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4.2.2.5 Conceptual Model 
Using information collated during the literature review and during the pilot study, a conceptual 
model was constructed to synthesise the information gathered and to consider ensuing research 
goals and actions. This was done using the University of Maryland environmental graphics set 
(IAN 2014) to depict the information available for both of the residential canal estate case 
studies. The conceptual model was then used to guide the targeting of further field 
measurements which are developed in the next chapter. 
 
4.3 Results 
The results shown below comprise three sections: The first one describes the tow case studies’ 
bathymetry, the main influences on water physico-chemical and biophysical conditions, and 
the standing stock of water column nutrients. The second one presents sediment grain size and 
porosity, and standing stock of benthic nutrients. The final section summarises the information 
gathered in a conceptual model built for canal estates. 
 Whilst the focus at this stage is on gross features such as spatial variation, tidal influence and 
seasonality, it is recognised that aspects such as process rates and standing stocks of materia ls 
(e.g. nutrients) will also reflect these influences. These later aspects (processes) are covered 
under research objective 2 (Chapter 5), which specifically addresses nutrient cycling and 
biogeochemical processes. 
 
4.3.1 Baseline Environmental Assessment 
4.3.1.1 Canal Estate Bathymetry 
The first stage of this study shows depth was not uniform in either canal estate and varied 
spatially. The deepest areas in Pacific Harbour canal estate were located at the west side of the 
system, where station 9 was located (Figure 4.8, area coloured in dark red). The deepest depths 
varied between 3.1 and 4 m during high tide. The shallowest areas were located at dead-end 
canals and near the canal mouth, with depth ranging from 2.1 to 3 m depth during high tide. 
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Figure 4.8. Pacific Harbour canal bathymetry during high tide obtained with Garmin GPS 
Depth Sounder. 
 
Similarly, the deepest areas in Calypso Bay were found at the far end of the north-western arm 
of the canal, where station 1 was located, with the deepest areas reaching >4 m depth (Figure 
4.9, area in white). The shallowest areas were in the middle range of the canal, where stations 
9 and 5 were located. 
 
  71 
 
 
Figure 4.9. Calypso Bay canal bathymetry during high tide obtained with Garmin GPS Depth 
Sounder. The southern arm shown in green could not be sampled because access is not 
permitted.   
 
4.3.1.2 Water Column Physico-chemical Conditions  
Physicochemical conditions measured by the ALEC Rinko profiler include density (kg m-3), 
salinity (PSU), temperature (°C) and pH. The results shown by these measurements are 
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described below. Each section below describes spatial, tidal and seasonal variations in each 
one of these water column properties. 
 
Water Column Spatial Variations  
It has been previously shown that canal estates display a zonation of physicochemica l 
conditions (Maxted et al. 1997; Lemckert 2006; Morton 1989; Moss 1989). For this reason, in 
this section comparisons were made between inner stations and stations closer to the estuary. 
The general trend in temperature and salinity observed at Pacific Harbour was a decrease in 
water temperature and an increase in water salinity from inner sites (station 1) towards the 
mouth (station 11) (Figure 4.19). Calypso Bay canal also displayed a slight increase in salinity 
towards the mouth, whereas water temperature varied across stations (Figure 4.20).  
Differences in surface and bottom waters was observed in Pacific Harbour with upper sites 
(stations 1 to 8) bottom water (>2 m depth) showing an increase in salinity and thus density, as 
well as a decrease in temperature (Figure 4.10 and Figure 4.11). On the contrary, stations 
located closer to the canal mouth (stations 9 to 11) showed no differences in surface and bottom 
waters, indicating that the water column was well mixed. Calypso Bay water profiles showed 
that waters were more vertically homogenous throughout the canal system (Figure 4.12). 
Nonetheless, there was a strong decrease in temperature and, consequently an increase in 
density towards the bottom. 
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Figure 4.10. Density (kg m-3), salinity (PSU), temperature (°C) and pH water profiles during 
the wet season of 2014 at stations 1 to 6 of Pacific Harbour canal estate. Grey lines show the 
canal bottom. 
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Figure 4.11. Density (kg m-3), salinity (PSU), temperature (°C) and pH water profiles during 
the wet season of 2014 at stations 7 to 11 of Pacific Harbour canal estate. Grey lines show the 
canal bottom. 
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Figure 4.12. Density (kg m-3), salinity (PSU), temperature (°C) and pH water profiles during 
the wet season of 2014 at Calypso Bay canal estate. Grey lines show the canal bottom. 
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Statistical analysis for Pacific Harbour data (see Table 4.3) showed that water temperature and 
salinity near the mouth was significantly different from water temperature and salinity of 
stations located landwards (p < 0.05), with station 1 showing higher temperature but lower 
salinity than station 10. In the same way, statistical analysis for Calypso Bay (Table 4.4) 
showed that there were significant differences between water salinity and temperature of 
stations located at the far end of canals relative to stations located near the mouth. Further data 
collected during dry season of 2014 showed that inner stations of both canals presented the 
same pattern, with a less saline and warmer layer of water sitting at the surface and, a slight ly 
more saline and colder layer sitting at the bottom (Figure 4.13, Figure 4.14, Figure 4.15, and 
Figure 4.16).  
 
Table 4.3. Mann-Whitney test for water temperature and salinity profiles of station 1 and 10 
taken at Pacific Harbour during the wet season 2014. Station 1 is further away from the canal 
mouth and S10 is closer to the mouth. 
 Temperature Salinity 
Mann-Whitney U .000 .000 
Wilcoxon W 10440.000 21115.000 
Z -15.907 -15.908 
Asymp. Sig. (2-tailed) .000 .000 
 
Table 4.4. Mann-Whitney test for water temperature and salinity profiles of station 1 and 6 
taken at Calypso Bay during the wet season 2014. Station 1 is further away from the canal 
mouth and S6 is closer to the mouth. 
 Temperature Salinity 
Mann-Whitney U 3961.500 .000 
Wilcoxon W 15896.500 11175.000 
Z -9.852 -15.049 
Asymp. Sig. (2-tailed) .000 .000 
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Similarly, there was an increase in water pH from inner sites towards the mouth of both canal 
estates. Water pH ranged from 8.3 to 8.6 PSU at PH and 8.3 to 8.5 at CB, being slightly higher 
at CB compared to PH. Pacific Harbour inner stations showed a slight increase in water pH 
towards the bottom (Figure 4.13, Figure 4.14, Figure 4.15, and Figure 4.16), whereas CB inner 
stations showed a decrease towards the bottom (Figure 4.17 and Figure 4.18). 
 
Water Column Tidal Variations  
As previously noted, the case study canal estates sit along an estuary and, consequently, they 
are influenced by tides. The effects of tidal inputs on the physico-chemical conditions of canal 
estate water are discussed below. 
Measurements undertaken during the dry season 2014 showed that PH inner stations (stations 
1 and 2) exhibited differences in surface and bottom waters during high tide (Figure 4.13 and 
Figure 4.14), but this differences became less distinct during low tide (Figure 4.15 and Figure 
4.16). On the contrary, stations 3 to 12 presented a less clear difference in surface and bottom 
waters during high tide with a layering at 1.5 m depth, and more pronounced difference in 
surface and bottom waters during low tide.  
  78 
 
 
Figure 4.13. Density (kg m-3), salinity (PSU), temperature (°C) and pH water profiles for 
stations 1 to 6 at Pacific Harbour during high tide, dry season 2014. Grey lines show the canal 
bottom. 
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Figure 4.14. Density (kg m-3), salinity (PSU), temperature (°C) and pH water profiles for 
stations 7 to 10 at Pacific Harbour during high tide, dry season 2014. Grey lines show the canal 
bottom. 
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Figure 4.15. Density (kg m-3), salinity (PSU), temperature (°C) and pH water profiles for 
stations 1 to 6 at Pacific Harbour during low tide, dry season 2014. Grey lines show the canal 
bottom. 
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Figure 4.16. Density (kg m-3), salinity (PSU), temperature (°C) and pH water profiles for 
stations 7 to 10 at Pacific Harbour during low tide, dry season 2014. Grey lines show the canal 
bottom. 
 
Calypso Bay water profiles showed the opposite: a less distinct difference between surface and 
bottom waters during high tide at inner stations (1 and 2) and a more clear difference between 
surface and bottom waters at stations 3 to 5, with a more saline and cooler layer of water at ~2 
m depth (Figure 4.17). Conversely, inner stations (1 and 2) presented a more pronounced 
layering of the water column during low tide, while profiles from stations 3 to 5 showed a less 
pronounced layering of the water column (Figure 4.18). 
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Figure 4.17. Density (kg m-3), salinity (PSU), temperature (°C) and pH water profiles at 
Calypso Bay during high tide, dry season 2014. Grey lines show the canal bottom. 
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Figure 4.18. Density (kg m-3), salinity (PSU), temperature (°C) and pH water profiles at 
Calypso Bay during low tide, dry season 2014. Grey lines show the canal bottom. 
 
Further studies taken across a complete tidal cycle and after a rain event during the wet season 
(2015) showed that during high tide the surficial layer of freshwater was pushed up towards 
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the upper end of the canal by a more saline layer of water that entered the canals from the 
estuary (Figure 4.21). 
 
Water Column Seasonal Variations 
Canal estates are not only impacted by tide, but they are also influenced by rainfall and the 
stormwater inputs associated with rainfall (Lemckert 2006). In order to elucidate variations in 
water quality caused by seasonality, data from the dry and the wet season are analysed below. 
Salinity and temperature profiles showed seasonal variations in water column stratification. PH 
canal showed minimal mixing and a greater difference between surface and bottom waters 
stratification of the water column during the wet season after a rain event (Figure 4.21). Also, 
the lowest salinity at PH occurred after rain events during the rainy season (Figure 4.19). 
Pacific Harbour water temperatures were comparatively lower during the dry season (23-24°C) 
than during the wet season (26-27°C) (Figure 4.19). 
Calypso Bay did not appear to experience major seasonal variations in salinity (Figure 4.20). 
The highest mean salinity value for the wet season found in CB was 36.86 (+0.01) PSU, while 
the highest mean salinity during the dry season was slightly lower at 36.79 (+0.02) PSU. The 
biggest seasonal difference found in Calypso Bay was due to water temperature variations 
(Figure 4.20), with values ranging from 22°C to 23°C during the dry season and values +27°C 
during the wet season. The highest water temperature and salinity at Calypso Bay occurred 
during summer time (wet season), probably due to increased atmospheric temperatures. 
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Figure 4.19. Mean (+standard deviation) of salinity (PSU) and water temperature (°C) at 
Pacific Harbour canal estate during the dry and the wet season of 2014 and the wet season of 
2015. *Data sampled after a rain event. The mean and standard deviations were calculated over 
the depth of the water column (n= 400). 
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Figure 4.20. Mean (+standard deviation) of salinity (PSU) and water temperature (°C) at 
Calypso Bay canal estate during the dry and the wet season of 2014. The mean and standard 
deviations were calculated over the depth of the water column (n= 380). 
 
 
  87 
 
 
Figure 4.21. Salinity (PSU) and temperature (°C) variation across a complete tidal cycle at 
four stations in the Pacific Harbour canal estate after a rain event during the wet season 2015. 
Measurements were undertaken the day after a rain event with a frequency of approximate ly 
one hour. 
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4.3.1.3 Water Column Biophysical Conditions 
Water Column Spatial Variations 
Photosynthetically active radiation (PAR) during the wet season (2014) varied across stations 
and locations but, in general, it was available at the surface of all sites (~2500 µmol/[m2s]) to 
an average depth of < 2 m (Figure 4.22, Figure 4.23, Figure 4.24). Phytoplankton biomass 
ranged from ~2 µg L-1 at the surface (1 m depth) to ~12.6 µg L-1 at the bottom of both canal 
estates. The highest Chl-a concentrations were found at inner stations of both canal estates, 
where both canal estates also showed a Chl-a and turbidity increase with depth and, notably, 
all of these sites showed a Chl-a maxima and turbidity at between 1 and 2.5 m depth (Figure 
4.22, Figure 4.23, Figure 4.24). Below this depth, DO levels at some stations in both canal 
estates displayed a pronounced decrease towards the benthos. 
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Figure 4.22. Photosynthetically active radiation (µmol m-2 s-1), chlorophyll-a (µg L-1), turbidity 
(FTU) and dissolved oxygen (mg L-1) water profiles during the wet season of 2014 at stations 
1 to 6 of Pacific Harbour canal estate. Grey lines show the canal bottom. 
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Figure 4.23. Photosynthetically active radiation (µmol m-2 s-1), chlorophyll-a (µg L-1), turbidity 
(FTU) and dissolved oxygen (mg L-1) water profiles during the wet season of 2014 at stations 
7 to 11 of Pacific Harbour canal estate. Grey lines show the canal bottom. 
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Figure 4.24. Photosynthetically active radiation (µmol m-2 s-1), chlorophyll-a (µg L-1), turbidity 
(FTU) and dissolved oxygen (mg L-1) water profiles during the wet season of 2014 at Calypso 
Bay canal estate. Grey lines show the canal bottom. 
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Water Column Tidal Variations 
Photosynthetically active radiation (PAR) was seen to be slightly lower at both locations during 
low tide relative to high tide, with less than 2000 µmol/[m2s] at the surface (Figure 4.25, Figure 
4.26, Figure 4.27, Figure 4.28, Figure 4.29, Figure 4.30). Overall, there was an increase in Chl-
a concentrations from high to low tide in both canal estates. 
Pacific Harbour canal showed a marked peak of Chl-a and turbidity at around 1-2 m depth at 
the inner stations (1 to 3) during high tide, which was less clear during low tide (Figure 4.25, 
Figure 4.26, Figure 4.27, Figure 4.28). Stations 1, 2 and 3 showed a strong decrease in dissolved 
oxygen levels towards the bottom during high tide, whereas during low tide DO showed some 
increase towards the benthos (Figure 4.25 and Figure 4.27). Dissolved oxygen at the remaining 
of the stations during high tide was homogenous throughout the water column, showing a slight 
increase towards the bottom during low tide. 
Calypso Bay water profiles showed a peak in turbidity and Chl-a at around 2 m depth during 
high tide, which mirrored the decrease seen in the DO profile (Figure 4.29, Figure 4.30). This 
trend in Chl-a, turbidity and DO became more evident during low tide. In contrast to Pacific 
Harbour canals, DO values at Calypso Bay showed a slight decrease towards the benthos during 
low tide. 
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Figure 4.25. Photosynthetically active radiation (µmol m-2 s-1), chlorophyll-a (µg L-1), turbidity 
(FTU) and dissolved oxygen (mg L-1) values for stations 1 to 6 at Pacific Harbour canal estate 
during high tide, dry season 2014. Grey lines show the canal bottom. 
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Figure 4.26. Photosynthetically active radiation (µmol m-2 s-1), chlorophyll-a (µg L-1), turbidity 
(FTU) and dissolved oxygen (mg L-1) values for stations 7 to 10 at Pacific Harbour canal estate 
during high tide, dry season 2014. Grey lines show the canal bottom. 
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Figure 4.27. Photosynthetically active radiation (µmol m-2 s-1), chlorophyll-a (µg L-1), turbidity 
(FTU) and dissolved oxygen (mg L-1) values for stations 1 to 6 at Pacific Harbour canal estate 
during low tide, dry season 2014. Grey lines show the canal bottom. 
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Figure 4.28. Photosynthetically active radiation (µmol m-2 s-1), chlorophyll-a (µg L-1), turbidity 
(FTU) and dissolved oxygen (mg L-1) values for stations 7 to 10 at Pacific Harbour canal estate 
during low tide, dry season 2014. Grey lines show the canal bottom. 
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Figure 4.29. Photosynthetically active radiation (µmol m-2 s-1), chlorophyll-a (µg L-1), turbidity 
(FTU) and dissolved oxygen (mg L-1) values at Calypso Bay canal estate during high tide, dry 
season 2014. Grey lines show the bottom.  
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Figure 4.30. Photosynthetically active radiation (µmol m-2 s-1), chlorophyll-a (µg L-1), turbidity 
(FTU) and dissolved oxygen (mg L-1) values at Calypso Bay canal estate during low tide, dry 
season 2014. Grey lines show the bottom. 
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Water Column Seasonal Variation 
Seasonal comparisons showed that at Pacific Harbour the mean PAR during the wet season of 
2014 varied between 330 (+375) and 789 (+594) µmol/[m2s], whereas during the dry season 
values ranged between 478 (+548) and 690 (+633) µmol/[m2s] (Figure 4.31). Mean 
chlorophyll-a concentrations in PH ranged between 1.7 (+0.6) and 2.9 (+0.5) µg L-1 during the 
dry season (Figure 4.31). During the wet season of 2014, however, Chl-a concentrations were 
slightly higher, with values ranging between 2.5 (+0.6) and 5.2 (+1.8) µg L-1.  
However, after a rain event during the wet season of 2015, light availability in PH was the 
lowest, with mean values below 300 µmol/[m2s]. At the surface light levels were as high as 
2000 µmol/[m2s], but below the depth of ~0.6 m, light decreased considerably. Despite this 
sharp decrease in light, chlorophyll-a concentrations were as high as 20 µg L-1 at the first 0.6 
m depth (Figure 4.33). As the tide receded the concentration of Chl-a at the surface increased 
to ~25 µg/L. DO profiles showed that the top layer of water was well oxygenated over the tidal 
cycle. However, below ~1 m depth, DO decreased dramatically with DO concentratio ns 
reaching values below 1 mg/L at station 1. Despite the fact that surface DO at station 1 
increased from high tide (~8 mg/L) to low tide (~10 mg/L), below 0.2 m depth it decreased 
consistently to reach <1 mg/L near the bottom. 
The lowest mean PAR values in CB occurred during the dry season, and they ranged between 
195 (+404) and 432 (+474) µmol/[m2s] (Figure 4.32). The mean PAR during the wet season 
ranged between 242 (+559) and 514 (+689) µmol/[m2s]. Mean chlorophyll-a concentratio n 
was the highest during the wet season relative to the dry season, with the lowset mean value at 
station 4 (6.36 +0.16 µg L-1). Water DO was highest during the dry season relative to the wet 
season, with the highest mean value occurring at station 8 (7 +0.13 µg L-1). 
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Figure 4.31. Mean and standard deviation for photosynthetically active radiation (µmol m-2s-
1), Chlorophyll-a (µg L-1), and dissolved oxygen (mg L-1) at Pacific Harbour canal estate during 
the dry and the wet season of 2014, and during the wet season of 2015. *Data sampled after a 
rain event. The mean and standard deviations were calculated over the depth of the water 
column (n= 400). 
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Figure 4.32. Mean and standard deviation for photosynthetically active radiation (µmol m-2s-
1), Chlorophyll-a (µg L-1), and dissolved oxygen (mg L-1) at Calypso Bay canal estate during 
the dry and the wet season of 2014 (n= 380). 
  102 
 
 
Figure 4.33. Chlorophyll-a (µg L-1) and dissolved oxygen (mg L-1) variation across a complete 
tidal cycle at four stations in the Pacific Harbour canal estate after a rain event during the wet 
season 2015. Measurements were undertaken the day after a rain event with a frequency of 
approximately one hour. 
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4.3.1.4  Determination of Dissolved Nutrient Standing Stocks  
Dissolved nutrient analyses undertaken during the wet season of 2014 showed that mean 
concentrations at Pacific Harbour (PH) were 40 (+8), 4.78 (+5) and 2.55 (+1) µmol L-1 for 
ammonium, NOx (nitrate + nitrite) and SRP, respectively (Figure 4.34 a and b). Mean 
concentrations at Calypso Bay (CB) were slightly higher with 45 (+12), 8.35 (+3) and 3.43 
(+1) µmol L-1 for ammonium, NOx and SRP, respectively. Concentrations of ammonium, NOx 
and SRP at inner stations of both canals were higher than in water samples taken outside the 
canals (station 11-PH and station 7-CB). However, there were no statistical differences 
between locations (p>0.05, Table 4.5). 
During the dry season of 2014, dissolved nutrient concentrations were measured at surface and 
in bottom waters along a complete tidal cycle at both study locations (Figure 4.35 and Figure 
4.36). Both canal estate ammonium concentrations were more or less uniform between surface 
and bottom. Similarly, NOx was present in surface and bottom waters, but the highest 
concentrations were in the bottom waters of stations 1, 2 and 3 at PH (Figure 4.35), and stations 
9, 4 and 5 at CB (Figure 4.36).  
During the dry season, the general trend for both canal estates was to display higher 
concentrations of dissolved nutrients at inner stations and lower concentrations at stations 
closer to the mouth during high tide (Figure 4.35 and Figure 4.36). However, during low tide 
there was a decrease in dissolved nutrient concentrations at inner stations and an increase at 
stations closer to the mouth, suggesting potential export of N and P out of the canal estates (see 
Chapter 6). 
Comparatively, mean ammonium, NOx and SRP concentrations during the dry season were 
higher relative to the wet season, with 58 (+8), 3.66 (+1) and 3.62 (+1) µmol L-1 in PH, and 47 
(+14), 5.79 (+3) and 3.56 (+1) µmol L-1 at CB for NOx (nitrate + nitrite) and SRP, respectively. 
Statistical analysis showed that there were significative differences between seasons for some 
nutrients (Table 4.6). Mean ammonium and SRP concentrations at PH were significantly higher 
during the dry season. In contrast, mean NOx concentrations at CB were significantly higher 
during the wet season. 
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Table 4.5. Statistical analysis Kruskal-Wallis test for nutrient concentrations (nitrate + nitrite 
[NOx], ammonium, SRP) taken during the wet season of 2014 at different stations in (a) Pacific 
Harbour and (b) Calypso Bay. All p values are > 0.05 showing that there are no differences 
between stations. 
a. Pacific Harbour NOx Ammonium SRP 
Chi-Square 14.772 14.737 14.322 
Df 8 8 8 
Asymp. Sig. .064 0.064 .074 
b. Calypso Bay    
Chi-Square 10.686 9.086 8.003 
Df 6 6 6 
Asymp. Sig. 0.099 0.169 0.238 
 
Table 4.6. Statistical analysis Mann-Whitney test for nutrient concentrations (nitrate + nitrite 
[NOx], ammonium, SRP) comparing both seasons in (a) Pacific Harbour and (b) Calypso Bay.  
a. Pacific Harbour NOx Ammonium SRP 
Mann-Whitney U 551.500 55.000 357.500 
Wilcoxon W 722.500 226.000 528.500 
Z -.973 -5.982 -2.930 
Asymp. Sig. (2-tailed) .330 0.000 .003 
b. Calypso Bay    
Mann-Whitney 179.000 293.000 320.500 
Wilcoxon W 1355.000 1469.000 425.500 
Z -2.643 -.724 -.261 
Asymp. Sig. (2-tailed) .008 .469 .794 
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Figure 4.34. Mean (+standard deviation) (n=2) of dissolved nutrient levels (µmol L-1) 
measured at 1 meter depth at both locations during the wet season 2014: a) Pacific Harbour 
and b) Calypso Bay. Both systems are releasing ammonium, NOx and SRP to the system. 
Ammonium concentrations at inner stations are particularly high, suggesting that there is a high 
ammonification rate of the organic matter. 
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Figure 4.35. Mean (+standard deviation) (n=2) of dissolved nutrient concentrations (µmol L-
1) measured during the dry season 2014 at Pacific Harbour canal estate. Samples were taken 
during high and low tide at surface (1 m depth) and near the bottom (0.5 m above). 
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Figure 4.36. Mean (+standard deviation) (n=2) of dissolved nutrient concentrations (µmol L-
1) measured during the dry season 2014 at Calypso Bay canal estate. Samples were taken during 
high and low tide at surface (1 m depth) and near the bottom (0.5 m above). 
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4.3.1.5 Benthic Characteristics 
Sediment Grain Size 
The sediment grain size composition at three stations at PH and CB are shown in Figure 4.37 
and Figure 4.38, respectively. The dominant sediment fraction in sediments at both study 
locations was silt, with a mean silt content of 70 and 60% at PH and CB, respectively. Fine 
sand was also abundant in the sediments with mean fine sand content of 23 and 25% at PH and 
CB, respectively. Comparatively, medium sand and course sand was less abundant, with mean 
medium sand content of 6% at PH and 14% at CB. Mean course sand was only present at 
station 9-PH and station 9-CB with a mean content of 0.33% at both locations.  
 
 
Figure 4.37. Sediment grain size composition at Pacific Harbour canal estates expressed in 
percentage according to the Wentworth scale. Sediment samples were taken from the top 5 cm. 
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Figure 4.38. Sediment grain size composition at Calypso Bay canal estates expressed in 
percentage according to the Wentworth scale. Sediment samples were taken from the top 5 cm. 
 
Sediment Porosity 
Porosity values showed that PH as well as CB sediments were composed of silt and sand (Table 
4.7). Pacific Harbour inner stations of both canal estates were composed of silt whereas the 
station that was closer to the mouth (S9) was composed mainly of sand. Calypso Bay sediment 
porosity showed that station 1 located at a dead-end was composed by silt as well as station 5, 
which was located at the mouth of the canal. Similar to PH, station 9 at CB canal estates was 
composed of sand. 
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Table 4.7. Sediment porosity at both canal estates. 
Location Sample Porosity Material 
Pacific Harbour 
S1 0.70 Silt 
S6 0.46 Silt 
S9 0.32 Sand 
Calypso Bay 
S1 0.52 Silt 
S9 0.50 Sand 
S5 0.57 Silt 
 
Determination of Nutrient Stocks in Sediments 
Sediment analysis showed that most of the carbon found in the sediments was in the organic 
form (Figure 4.39). The highest percentage of organic carbon (OC) was found at inner stations 
of Pacific Harbour, and stations 1 and 5 at Calypso Bay.  
Overall, there was more OC in the sediment than nitrogen and phosphorus (Figure 4.40). 
Stations 1 and 9 had C:N ratios close to 10, and N:P ratios above 16. Stations 8 and 10 displayed 
C:N ratios >10 relative to the Redfield Ratio, and N:P ratios close to Redfield Ratio. Station 1 
at PH displayed C:P ratio close to Redfield Ratio, but stations 8 to 10 were >106, suggesting 
that there was more OC in the sediment relative P. On the contrary, all stations at Calypso Bay 
displayed C:N ratios close to 10, N:P ratios below or close to Redfield Ratio (Figure 4.40). 
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Figure 4.39. Sediment total carbon (TC), total organic carbon (TOC) and percentage of TOC 
(dry weight %) in sediments of (a) Pacific Harbour and (b) Calypso Bay. Samples were taken 
during the wet (a) and the dry (b) season of 2015. 
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Figure 4.40. Organic carbon to total nitrogen ratios (OC:TN), total nitrogen to total phosphorus 
ratios (TN:TP) and organic carbon to total nitrogen ratios (OC:TP) at both locations, (a) Pacific 
Harbour and (b) Calypso Bay. Sediment samples were taken during the wet (a) and the dry (b) 
season of 2015. Data is presented in molar ratios. 
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4.3.1.6 Canal Estate Conceptual Model 
As previously mentioned, literature and field observations were used to build a conceptual 
model for the canal estates. The model is shown in Figure 4.41. As indicated in the model, 
canal estate bathymetry was irregular, and typically there was only a single or very few outlets 
to the adjacent estuary. As reflected in Figure 4.41, residential canals are usually long and 
narrow, with uniform width and depth (Lindall & Trent 1976; Maxted et al. 1997; Moss 1989). 
Notably, localised dredging of the canals creates a sill at the mouth, which diminishes tidal 
exchange and leading to poor flushing and reduced water flow. Hydrodynamic studies show 
that tidal flow decreases progressively towards the end of the canal estate, and that dead-end 
canals are poorly flushed (Lemckert 2006; Moss 1989).  
According to Lemckert (2006), low tidal energy present in canal estates leads to persistent 
saline stratification. This is confirmed by the water quality profiles in this study, as discussed 
in section 4.3.1.2. After saline water enters the canal, it tends to remain trapped at the bottom, 
producing sharp haloclines and favouring the depletion of dissolved oxygen. As reported 
elsewhere, this saline stratification can causes complete anoxia, especially during summer time 
after rain events (Atkins 1989; Lemckert 2006; Lindall et al. 1975; Lindall & Trent 1976; Moss 
1989).  
The decrease in tidal exchange and reduced bottom water currents results in an accumula t ion 
of fine silts and biogenic materials in sediments (Cook et al. 2007; Cosser 1989; Lindall & 
Trent 1976; Maxted et al. 1997; Morton 1989; Moss 1989; Nuttall & Richardson 1989; Reilly 
& Phillips 1998; Waltham & Conolly 2011). Again, this was also confirmed by sediment grain 
size and nutrient standing stock (see 4.3.1.5). Canal estate sediments in the respective study 
sites were mostly composed of silt, with the highest percentage of organic carbon (OC) being 
found at inner stations. 
Most urban developments were sewered and connected to local sewage plants, but untreated 
urban stormwater and surface run-off drained directly into the canals. As illustrated in Figure 
4.41, runoff from garden activities, a nearby golf course, sugarcane and pine tree plantations 
(e.g. fertilisers) are also a potential source of nutrients to the canals (brown arrows), as are 
stormwater drains (red arrows) (Maxted et al. 1997). Also, the maintenance and cleaning of 
boats can represent a potential input of heavy metals and nutrients. As a consequence, an 
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accumulation of decomposing organic matter, and poor water and sediment quality is likely in 
the study sites as has been recorded in other canal estates (Lindall & Trent 1976; Maxted et al. 
1997; Morton 1989; Reilly & Phillips 1998; Waltham & Conolly 2011). 
Groundwater inputs can be an important diffuse source to coastal systems and can have 
significant effects on biogeochemical processes and estuarine ecology (Makings et al. 2014; 
Peterson et al. 2010; Porubsky et al. 2014; Rodellas et al. 2015; Santos et al. 2012; Szymczycha 
& Pempkowiak 2016). Residential canals are generally dredged along wetlands where the 
water table is superficial (Barada & Partington 1972), increasing the groundwater inputs to 
coastal waters (Gleeson 2012). Macklin et al. (2014), for example, showed that the canal estates 
located in the Gold Coast, Australia, suffer from increased groundwater discharge for this 
reason. They also showed that groundwater being discharged into the Gold Coast canal estates 
is rich in CO2 and low in DO. This causes canal waters to be DO depleted and increases the 
coastal CO2 release to the atmosphere. Moreover, a study undertaken in the south arm of Pacific 
Harbour canal estate showed that the groundwater input of CO2 is at a level of 40-70 mmol m-
2 d-1 (Gleeson 2012). 
It has also been shown that groundwater is a major source of inorganic and organic nutrients 
to coastal waters, and sometimes it can even cause eutrophication (Makings et al. 2014; 
Rodellas et al. 2015; Santos et al. 2012; Szymczycha & Pempkowiak 2016). Dissolved 
nutrients such as NO2-, NO3-, NH4+ and PO4-3 can be delivered to coastal environments through 
groundwater inputs (e.g. Tovar-Sanchez et al. 2014). Studies undertaken in South-East 
Queensland estuaries showed that the groundwater discharge was rich in dissolved inorganic 
nitrogen and also phosphorus (e.g. Makings et al. 2014; Santos et al. 2013; Welti et al. 2015). 
Unfortunately, to date there is no data quantifying the potential groundwater input to dissolved 
nutrients in residential canal estates, and groundwater measurements were beyond the scope of 
this study. 
The narrow design of canal estates reduces the water exchange with the water source (e.g. 
estuary), which favours the accumulation of dissolved nutrients and water column Chl-a, as 
shown by our measurements. As shown by our measurements, this decreased the amount of 
light reaching the benthos, which in turn explains the non-existence of macroalgae and the low 
quantity of BMA found in the canal sediments. Instead, and as discussed below, there is a 
notable amount of detritus settling out from the water column (see turbidity profiles in section 
4.3.1.3). 
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Also, due to the typical canal estate depth:width:length configuration, aeration of the water is 
decreased and water quality is influenced by poor flushing and low circulation of water. This, 
in addition to biophysical demand, reduces bottom water dissolved oxygen levels and saline 
stratification, mainly in dead-end canals. Conversely, and as it can be seen in the model, the 
upper layer of the canal water column has a high potential for phytoplankton production and 
settling of detritus, which increases dissolved oxygen during the day (Morton 1989). 
Ultimately, the balance and interplay between primary production generating oxygen in the 
system (phytoplankton and microflora) and the removal of oxygen by heterotrophic and 
chemolithic processes, is potentially negative, with daily respiration demands may exceed 
dissolved oxygen despite the occurrence of primary production during the day (Morton 1989). 
 
 
Figure 4.41. Conceptual diagram of a generic canal-estates ecosystem. *Accumulation of silts. 
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As a consequence of poor circulation, low dissolved oxygen values, small grain size of 
sediment and high loads of organic materials, canals often experience a modification in the 
overall community structure. We did not measure benthic communities, but studies show that 
taxa richness, abundance, biomass, growth and reproduction rate of the benthic fauna found in 
canal estates are lower than those found in coastal bays (Cosser 1989; Maxted et al. 1997). 
Furthermore, the benthic community of dead-end canals is dominated by oligochae tes, 
organisms that are known to be tolerant to pollutants and low levels of dissolved oxygen 
(Cosser 1989; Lindall & Trent 1976; Maxted et al. 1997). Cosser (1989) found that the change 
in the community distribution and structure found in canal estates of Palm Beach, Gold Coast, 
Australia, was due to critical low dissolved oxygen levels and the accumulation of fine grained 
organic sediments. 
 
4.4 Discussion 
As mentioned previously, this chapter addresses objective one of the thesis, which required the 
development of a baseline study and the consequent construction of a conceptual model for a 
generic canal estate. The analysis of these results is discussed below. 
 
4.4.1 Baseline Environmental Assessment 
This section analyses the several components in which the pilot study was divided. Firstly, the 
canal estate bathymetry, water physico-chemical and biophysical conditions as well as water 
column nutrient standing stocks are discussed. Finally, canal estate benthic features (e.g. 
sediment grain size and porosity, nutrient standing stock, etc.) are discussed. 
 
4.4.1.1 Canal Estate Bathymetry 
According to previous findings (Maxted et al. 1997, Lindall & Trent 1975), depth was not 
consistent along canal estates, with shallower areas at canal intersections and at the entry of 
both canal systems. Depth variations observed in Pacific Harbour (PH) canal was in agreement 
with the report of Kellogg et al. (2012), which indicates that the minimum depth for Pacific 
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Harbour canals was around 2.1 m, and that there were certain areas that were dredged more 
deeply during construction of the canal.  
Kellogg et al. (2012) found that during high tide water coming from Pumicestone Passage 
transports sediment into the canals, which is then deposited in areas with low tidal velocity. 
This deposition increases canal bed levels and usually occurs at most intersections and dead-
ends (Kellogg et al. 2012). Therefore, the irregular bathymetry of both canal estates can be 
explained by the high siltation rates found at different areas of the canal.  
Stormwater drains were also identified as a minor source of sediment deposition in canals 
(Kellogg et al. 2012; Kellogg et al. 2013) and help to further explain the variations in 
bathymetry throughout the case study canal system. Similar siltation patterns have been 
observed in other canal estates, such as Newport, Deception Bay (Kellogg et al. 2013) and 
Bribie Gardens canals located southern Pacific Harbour (Kellogg et al. 2012). Further, Kellogg 
et al. (2012) identified siltation plumes around stormwater outlets, specifically at station 1 and 
station 3 of Pacific Harbour, suggesting that stormwater runoff is an important source mainly 
after rainfall events. 
 
4.4.1.2 Water Column Physico-chemical Conditions 
Spatial Variations 
Salinity and temperature stratification observed in both canal estates was consistent with what 
has been found in other canal estates of the Gold Coast, Australia (Lemckert 2006; Morton 
1992; Morton 1989; Moss 1989) and the United States (Lindall et al. 1975).  
Pacific Harbour and Calypso Bay canal estates were built such that they have a single outlet to 
the estuary. As has been shown in previous studies, this particular shape reduces flushing rates, 
causing tidal flow to diminish progressively towards the landward end of the canal (Moss 
1989). As a consequence, canal estates in general show a zonation of physicochemical and 
biophysical conditions (Lemckert 2006; Maxted et al. 1997; Moss 1989; Morton 1989); also 
reflected in the current study. Moreover, statistical differences between inner stations and 
stations located near the mouth suggest that tidal influence was low at the upper canal reaches 
and during high tide the salt water entering the canals lifted up the fresh water concentrating it 
at the upper end of both canal systems. 
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The presence of a less saline surface layer of water at the inner stations at both canals could be 
explained by a number of inputs: direct rainfall, stormwater drains, urban runoff or 
groundwater discharge. Kellogg et al. (2012) have suggested that siltation plumes observed on 
PH canal bed show that it is a strongly affected by rainfall and stormwater drains. The presence 
of a less saline surface water layer was also observed during measurements undertaken during 
the dry season (see Figure 4.13, Figure 4.14, Figure 4.15, Figure 4.16, Figure 4.17 and Figure 
4.18). However, during this time there was no rainfall registered for the area (The Bureau of 
Meteorology 2014), suggesting that the freshwater was not derived from rainfall or runoff. This 
might suggest that local domestic drains and potentially groundwater are playing a role in 
freshwater delivery during these dry periods. 
Residential canals are generally constructed and dredged along wetlands where the water table 
is superficial (Barada & Partington 1972), increasing the possibility of groundwater discharge 
into canal estates and groundwater interaction with surface waters (Macklin et al. 2014). It was 
logistically beyond the current study to quantify the contribution of groundwater to the study 
site canal systems. However, it is known that Bribie Island has two aquifers that store rainwater 
before it slowly drain into the ocean along the coastline. One of those aquifers is only 1 meter 
below from the surface (Armstrong and Cox, n. d.; Isaac & Walker 1983; Taulis et al. 2011). 
Further, a recent study undertaken in the south arm of Pacific Harbour showed that the dredging 
of this canal increased the release of groundwater, particularly during ebb tide (Gleeson 2012). 
Notably, groundwater within Bribie Island displayed low pH compared to Pumicestone 
Passage estuary waters (3.3 to 6.6; Jackson 2007; Armstrong and Cox, n. d.). However, pH in 
canal waters at PH was more similar to Pumicestone Passage waters. Also, canal water pH at 
CB was similar to Pimpama Estuary water values (Table 4.8) and pH values were generally 
higher than those recorded in canal estates of the Gold Coast, Australia (Macklin et al. 2014; 
Morton 1992). This may suggest that both of the study canal estates are not heavily influenced 
by groundwater pH contributions. 
 
Table 4.8. Mean (+ standard deviation) pH values at both sampling locations (PH and CB 
canals), Pumicestone Passage, Pimpama Estuary and the Gold Coast canal estates according to 
Macklin et al. (2014). 
Locations pH 
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Pacific Harbour 8.36 + 0.18 
Pumicestone Passage 8.62 + 0.004 
Calypso Bay 8.40 + 0.12 
Pimpama Estuary 8.58 + 0.001 
Gold Coast Canals (Macklin et al. 2014) 7.49 + 0.08 
 
Tidal Variations 
Lateral stratification with respect to salinity and temperature favours the existence of water 
parcels with differing properties, which move back and forth with the tide, causing short-term 
water salinity and temperature variations along canal estates (Ellyard 2006). Pacific Harbour 
waters seemed to show this trend, with a more stratified parcel of water moving from the inner 
end of the canals during high tide to the middle area during low tide. Measurements undertaken 
during wet season 2015 showed that as the tide recedes, the layering of the water column at PH 
decreased, indicating that this system was tidally driven on a daily basis. 
Calypso Bay also showed lateral stratification with the movement of water parcels across a 
tidal cycle. However, in this case the layering of the water column observed at inner stations 
(1 and 8) decreased during high tide. Similarly, during low tide the layering of the water column 
increased. On the contrary, during high tide the layering of the water column observed at 
stations located closer to the mouth increased, but showed a decrease during ebb tide. 
 
Seasonal Variations 
Seasonal variations shown by physicochemical conditions of both sampling locations in this 
study suggest that canal estates were not only influenced by tide but also by rainfall and 
stormwater inputs associated with rainfall. Similar seasonal variations have been described for 
other similar canal estate systems including the Mandurah canal estates located south of Perth, 
where water column stratification also displayed seasonal changes (Ellyard 2006; Lemckert 
2006).  
A recent study undertaken on canal estates from the Gold Coast, Australia, showed that canal 
water salinity was higher during the dry season and that the salinity canal estate waters reflects 
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the water source salinity (Macklin et al. 2014). In this context, Pacific Harbour mouth 
connected to Pumicestone Passage estuary and, consequently, during high tide this residentia l 
canal received tidal inputs from the estuary. For this reason, it was expected Pacific Harbour 
salinity to be similar to Pumicestone Passage water salinity. Salinity values found at the 
southern entrance of Pumicestone Passage ranged from 16 to 32 PSU during the wet season 
after a rain event, and 32 to 34 PSU during the dry season (Eyre & France 1997). 
Comparatively, PH values varied between 21-25 PSU during the wet season, and between 36-
37 PSU during the dry season (Figure 4.19). 
During the wet season, PH salinity was similar to Pumicestone Passage salinity; however, 
during the dry season PH salinity was higher than salinity observed in Pumicestone Passage. 
This could be due to the level of freshwater inputs that Pumicestone Passage received from 
rivers during the dry season (Eyre & France 1997) compared to the PH canals, which received 
freshwater inputs only from rainfall, stormwater and groundwater infiltration. It is also possible 
that the impact of evaporation was greater on canal waters in PH compared to its influence on 
water chemistry in the open Pumicestone Passage. 
Comparatively, and as mentioned before, CB salinity remained at 36 PSU during both seasons; 
however, water temperature showed seasonal variations. This was also the case for PH, where 
water temperature was also higher during the wet season as expected. Seasonal water 
temperature variations shown by other canal estates have been explained by variations in 
atmospheric temperature (Ellyard 2006). Maximum atmospheric temperature occurred during 
the wet season (The Bureau of Meteorology 2014), coincided with the maximum water 
temperatures of both canal estates, suggesting that atmospheric temperature may influence 
canal estates water temperature to a large degree. 
 
4.4.1.3 Water Column Biophysical Conditions 
Water Column Spatial Variations 
Photosynthetically active radiation (PAR) reaching canal waters was adequate for 
phytoplankton growth as shown by the presence of active chlorophyll-a across all stations and 
locations (Figure 4.22, Figure 4.23 and Figure 4.24). Chlorophyll-a values found in canal 
waters at both sites were within the range found in estuaries of South-East Queensland, 
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Australia (Australian and New Zealand Guidelines for Fresh and Marine Water Quality 2000; 
Eyre et al. 2011; Ferguson & Eyre 2010) (Table 4.9). Pacific Harbour phytoplankton biomass 
was slightly higher than that found in the intermediate level of Moreton Bay (e.g., Deception 
Bay) as described by Dennison and Abal (1999) and Ferguson and Eyre (2010). Calypso Bay 
phytoplankton biomass was also higher than that described for the Pimpama Estuary (Eyre et 
al. 2011). Notably, Chl-a in both canal estates were much lower than those described for other 
similar systems globally such as the Delaware and Maryland canal estates, USA (Maxted et al. 
1997). 
Dissolved oxygen concentrations at both canal estates were below those described for South-
East Queensland estuaries (Australian and New Zealand Guidelines for Fresh and Marine 
Water Quality 2000; Eyre et al. 2011; Ferguson & Eyre 2010) but were close to equilibr ium 
with the atmosphere (6.5-8.5 mg L-1) (Benson & Krause 1984). 
As shown in Figure 4.22, Figure 4.23 and Figure 4.24, the increase in Chl-a towards the benthos 
mirrored the observed decrease in DO. This suggests that the Chl-a maximum reflectsed 
refractory compounds from primary producers, which were being utilised by water column 
microorganisms as an energy source. 
 
Table 4.9. Mean (+ standard deviation) for Chlorophyll and dissolved oxygen at several 
locations. 
Locations Chlorophyll-a (µg L-1) 
Dissolved oxygen (mg L-
1) References 
Pacific Harbour 
canal 4.07 + 2.68 6.63 + 0.46 This study 
Pacific Harbour 
canal after a rain 
event 
9.39 + 1.03 6.83 + 1.08 This study 
Calypso Bay canal 3.23 + 0.92 6.71 + 0.26 This study 
Bribie Gardens canal 4.8 9.66 Moss 1989 
Delaware and 
Maryland canal 
estates 
25.7 + 7.6 3.8 + 2 Maxted et al. 1997 
Pimpama Estuary 1.45 + 1.63 8.80 + 1.27 Eyre et al. 2011 
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Deception Bay 3.6 + 1.3 - Ferguson and Eyre 2010 
Broadwater 1.6 + 0.28 10 + 0.19 Eyre et al. 2011 
Caboolture Estuary 9.9 + 0.42 - Ferguson and Eyre 2010 
Queensland 
Estuaries 5 10.19 
Australian 
and New 
Zealand 
Guidelines for 
Fresh and 
Marine Water 
Quality 2000 
 
Water Column Tidal Variations 
The peak showed by Chl-a, turbidity and DO during the high tide at inner stations was less 
clear during low tide, suggesting that high tide pushed back parcels of water with different 
biophysical properties favouring water layering, whereas during low tide parcels of water were 
pushed forth decreasing the layering of the water column. This supports the notion that both 
systems were tidally driven. 
 
Water Column Seasonal Variations 
Chlorophyll-a concentrations measured after a rain event (wet season 2015) were above what 
has been described for estuaries of South East Queensland (Table 4.9), but they agree with 
values found in eutrophic estuaries (Lalli & Parsons 1997). Phytoplankton biomass after the 
rain event was also notably higher than values described for other estuarine environments 
across Moreton Bay (Table 4.9). However, the seasonal increase in phytoplankton biomass 
after flood events has been previously recorded in Moreton Bay (Dennison & Abal 1999; 
Glibert et al. 2006). 
Chlorophyll-a concentration in coastal ecosystems depends on the amount of light, water 
temperature and the supply and quality of nutrients (Cloern et al. 2014; Underwood & 
Kromkamp 1999). As described above, PAR was always sufficient at the water surface during 
both seasons and the decrease observed in light after the rain event did not seem to limit the 
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increase of phytoplankton biomass. Also, higher temperatures occurring during the wet season 
can positively influence phytoplankton primary production, as has been shown by other studies 
(Caffrey et al. 2014; Cloern et al. 2014).  
In coastal systems, dissolved nutrient availability can cause high variations in Chl-a 
concentration (Alongi 1998; Cloern et al. 2014; Underwood & Kromkamp 1999). Moreton Bay 
phytoplankton biomass increase has been shown to be related to inorganic dissolved nutrient 
inputs (Dennison & Abal 1999). As mentioned before, canal estates receive high inputs of 
freshwater during rain events in the form of stormwater or groundwater. These inputs are 
potentially significant sources of nutrients coming from the urban developments that surround 
these canal estates. In view of the central role of nutrients in phytoplankton growth and the 
potential for significant nutrient supply from components associated with the canals, an 
understanding of nutrient stocks and processes is essential for understanding the wider function 
of the respective canal systems. 
As has been previously described for other canal estates (Atkins 1989; Lemckert 2006; Moss 
1989), water column stratification occurring during the wet season prevents the exchange of 
oxygen between the top layer of water and the bottom (Kemp et al. 1992). Thus, enhanced 
primary production implies a high amount of organic matter being deposited on the sediments 
and, therefore, an increase in DO demand in bottom water. As a consequence, dead-end canal 
bottom DO values may reach conditions of hypoxia. Stations 1 to 9 at Pacific Harbour after a 
rain event showed this trend, with bottom water DO values at 1.3 + 0.8 mg/L (Figure 4.33).  
Overall, it can be said that due to high inputs of rainwater and stormwater loaded with nutrients 
during the wet season, bottom waters of dead-end canals became hypoxic (Figure 4.33), and 
the decomposition of organic matter in the sediments might have occurred under anoxic 
conditions. On the other hand, during the dry season water column was less stratified and DO 
bottom waters remained close to oxic levels. 
 
4.4.1.4 Determination of Dissolved Nutrient Standing Stocks 
Mean dissolved nutrient concentrations found in both canal estates were higher than those 
found in Pumicestone Passage (Eyre & France 1997; Ferguson & Eyre 2010), in previous 
studies undertaken in canal estates (Maxted et al. 1997; Moss 1989), as well as in Australian 
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estuaries generally (Australian and New Zealand Guidelines for Fresh and Marine Water 
Quality 2000) (Table 4.12). However, they were in the range described for coastal 
environments located south of Moreton Bay such as Saltwater creek (Dunn et al. 2013) and 
Coombabah Lake (Dunn et al. 2012) (Table 4.12). 
High concentrations of ammonium described for both locations suggest elevated rates of 
organic matter (OM) degradation (Table 4.12). The great potential for phytoplankton 
production that canal estates have, and the potential for inputs of organic materials from 
adjacent land uses can lead to high loads of organic matter reaching the sediments, which can 
increase the ammonification rate as well as the dissolved oxygen demand of bottom waters. 
These findings are confirmed by the measurements described in Chapter 5, which showed a 
release of ammonium from the sediment to the water column under both light and dark 
conditions (5.3.5. Nutrient Fluxes). 
Low nitrate+nitrite (NOx) observed at PH during the wet season could be explained by a 
decrease in nitrification rates due to low oxygen concentration in bottom waters. As mentioned 
before, nitrification is an oxygen dependent process, and therefore low dissolved oxygen (DO) 
levels in the water overlying the sediments will also lower the sediment DO levels, and 
consequently lower nitrification rates. Conversely, the peak in NOx levels observed at station 
1 was potentially due to an elevated nitrification rate or due to an external source that might 
have been adding nitrate to the system. Of further note here, nitrification and denitrifica t ion 
were strongly correlated, and a low rate of nitrification would lead to a low rate of 
denitrification. Therefore, the release of ammonium to the water column may indicate that the 
sediments were predominantly reducing environments where nitrification rates were low and 
potentially leaded to similarly low denitrification rates. In this case, nitrogen was not being 
removed from the ecosystem as N2 or N2O. Nitrification and denitrification measurements 
undertaken in these study locations are discussed in detail below in Chapter 5. Low 
denitrification rates described in PH during the wet season suggest that runoff water coming 
from the golf course located only a few meters away from station 1 could have been the source 
of nitrate observed at stations 1, but this would require further research. 
In contrast, during the dry season ammonium concentration at PH were higher relative to the 
wet season due to a higher mineralization rate supporting the release of ammonium and 
increasing nitrification coupled to denitrification. Nutrient fluxes and denitrification rates 
described in Chapter 5 support these findings. 
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In contrast to inorganic nitrogen values, the concentration of phosphate (PO4-3) at PH was 
approximately uniform across all stations. This PO4-3 was released as an end product during 
the mineralization of OM. The increase in PO4-3 levels during the dry season can be explained 
due to a decrease in flushing times and PO4-3 being trapped in the canal. 
Similar to Pacific Harbour, all sites in the Calypso (CB) Bay canals were observed to release 
ammonium, nitrate and phosphate from the sediment into the water column. Also, high 
concentrations of ammonium may indicate a high rate of mineralization due to the amount of 
OM available in the water column. The amount of ammonium produced can then be oxidized 
to nitrate supported by the level of oxygenation in the water column in this canal systems. In 
this light, high rates of nitrification would explain the sharp drop in the dissolved oxygen 
observed in bottom waters at inner stations of this canal despite the low temperatures. Levels 
of ammonium agree with a high efflux of ammonium observed during the core incubations 
undertaken in Chapter 5, and suggest that there was enough ammonium available for 
nitrification to occur throughout all stations. 
Nitrate+nitrite (NOx) concentrations during both seasons suggest that nitrification was 
occurring in the surface and the bottom waters at the CB sites. Higher NOx levels described 
for the wet season agree with high nitrification rates descried in Chapter 5 for CB canal. Given 
that nitrification is an oxygen dependent process, high nitrification rates would imply a high 
DO consumption. Consequently, at stations with high nitrification rates, low bottom water DO 
levels might be expected where supply of DO is limited and below demand by oxidative 
processes. In this light, Calypso Bay DO water profiles at station 1 showed a decrease in DO 
with depth, which suggests high nitrification rates, and thus high denitrification rates as well 
(see Chapter 5). 
Calypso Bay NOx concentrations found in the water column during the dry season suggest a 
decrease in nitrification rates due to the consumption of nitrate+nitrite (NOx) by primary 
producers (Dennison & Abal 1999) or due to high denitrification rates. Nutrient fluxes 
measurements described in Chapter 5 showed the occurrence of both, the competition for NOx 
between primary producers and nitrifiers during daytime, as well as high denitrification rates 
during night time. 
Availability of PO4-3 concentrations at surface and bottom waters throughout all stations in CB 
suggests that PO4-3 was not a limiting element for nitrification to occur. Higher concentrations 
of phosphate in bottom waters of inner stations could be due to a release of PO4-3 from the 
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sediment to the water column as has been shown to occur when DO concentrations reach 
hypoxia or/and anoxia (DiDonato et al. 2006; Hanington et al. 2016; Viktorsson et al. 2012). 
Nutrient fluxes described in Chapter 5 showed that the highest efflux of PO4-3 from the 
sediment into the water column occurs during the wet season, suggesting that this could be due 
to dissolved oxygen concentrations reaching hypoxic conditions in bottom waters or at the 
sediment surface. 
 
Table 4.10. Mean (+ standard deviation) for nitrate+nitrite (NOx), ammonium and soluble 
reactive phosphorus (SRP) at several locations. Units are in µmol L-1. 
Locations Nitrate+Nitrite (µmol L-1) 
Ammonium 
(µmol L-1) SRP (µmol L
-1) References 
Pacific Harbour 
canal 4.2 + 0.79 49 + 12.7 3 + 0.76 This study 
Calypso Bay 
canal 7 + 1.8 46 + 1.41 3.5 + 0.09 This study 
Bribie Gardens 
canal 1.07 1.43 0.97 Moss 1989 
Delaware and 
Maryland canal 
estates 
0.6 + 0.7 6.3 + 4.9 0.3 + 0.2 Maxted et al. 1997 
Pimpama 
Estuary 1.45 + 1.63 - 8.80 + 1.27 
Eyre et al. 
2011 
Pumicestone 
Passage 5.32 7.107 14.06 
Ferguson 
and Eyre 
2010 
Saltwater creek, 
south of 
Moreton Bay 
40 4.6 20.7 Dunn et al. 2013 
Coombabah 
Lake, south of 
Moreton Bay 
10.35 + 4.6 39.1 + 15 3.4 + 0.85 Dunn et al. 2012 
Queensland 
Estuaries 1.07 1.07 0.48 
Australian 
and New 
Zealand 
Guidelines 
for Fresh 
and Marine 
Water 
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Quality 
2000 
 
4.4.1.5 Benthic Characteristics 
Sediment Grain Size and Porosity 
According to Dennison and Abal (1999), the silt-rich sediments found in western areas of 
Moreton Bay are mainly from land-derived sources, such as riverine inputs, and it is a natural 
process. However, because canal estates lack riverine inputs, and instead they receive high 
loads of untreated stormwater, the origin of sediment in both canal estates must be land-derived 
and must be delivered into the canals by a combination of stormwater and tidal inputs. 
In the current study, sediment data showed an accumulation of silt-rich (fine grained) sediment 
at the deepest stations (e.g. S9 and 6 at PH and S1 and 5 at CB), which agrees with observations 
made elsewhere. As previously mentioned, canal estate inner sites have been shown to be low 
energy environments due to the decreased tidal exchange they experience (Lemckert 2006; 
Moss 1989). Accordingly, sediment resuspension and remobilisation are reduced, so deeper 
areas favour the accumulation of fine materials. On the contrary, canal estate percentage of 
sandy sediment was higher at stations that were shallower (S1 at PH and S5 at CB). This is 
similar to what was described for the estuarine Lake Cootharaba, located also in South East 
Queensland (SEQ), in which shallower areas exhibited higher content of sandy sediments. 
As mentioned, Moreton Bay sandy sediments have both, a marine and a terrigenous origin 
(Dennison & Abal 1999). However, a study undertaken at PH by Kellogg et al. (2012) showed 
that sand found in PH sediment was transported from Pumicestone Passage into the canal by 
water currents during high tide supporting the notion that local sediments were derived from 
adjacent land areas via stormwater as well as via tidal inputs. 
 
Determination of Sediment Nutrient Standing Stocks  
High organic content found at both canal estates can be explained by the settling of 
phytoplankton biomass from the overlying water column which production was supported by 
the nutrients in freshwater inputs as runoff caused by rain events (Ferguson & Eyre 2010). The 
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highest percentage of organic carbon (OC) was observed at inner stations, suggesting that these 
areas have the highest deposition rates (Eyre et al. 2011), which is in accordance with previous 
studies showing that the highest percentage of total organic carbon (TOC) occurred at inner 
stations (Cosser 1989; Maxted et al. 1997; Morton 1989; Morton 1992). Low water velocity 
and low tidal flushing occurring at the dead-end canals all contributed to this. 
The only source of primary production identified in the canal estates were phytoplankton and 
benthic microalgae (Connolly 2003; Waltham & Connolly 2006). Accordingly, when 
considering the relative nutrient status of the locally produced detritus and associated materia ls, 
it is appropriate to use the Redfield ratios for C, N and P; 106:16:1 (Redfield et al. 1963). 
According to Dennison and Abal (1999), the detritus reaching the sediments of Moreton Bay 
generally has a C to N of 6.5 and a C to P of 106. As proposed by Dennison and Abal (1999), 
OM from phytoplankton detritus undergoes mineralization in the sediments leading to an 
increase in the C to N ratio to >10. This change in C:N ratios also has implications for carbon 
and nitrogen bioavailability for processes such as denitrification (Dennison & Abal 1999; 
Smith 1984). 
C to N ratios and C to P ratios at stations 1 and 9 in Pacific Harbour were close to Redfield 
Ratios indicating the degradation of autochthonous material of a planktonic origin in the 
sediment (Dennison & Abal 1999; Glibert et al. 2006). N to P ratios > 16 at stations 1 and 9 in 
PH suggest that there was more bioavailable N relative to P (Dennison & Abal 1999; Smith 
1984). On the contrary, stations 8 and 10 at PH display C to N ratio > 10 and N to P ratios close 
to Redfield Ratio suggesting the degradation of allochthonous material that was not planktonic 
origin in the sediment (Dennison & Abal 1999; Enoksson 1987; Glibert et al. 2006; Jørgensen 
1996). High C to N ratios also suggest that less C was being degraded in the sediments relative 
to N.  
By comparison, C to P ratios at stations 8 to 10 were above 106 indicating that there was more 
OC relative to P in the sediments, suggesting that Pacific Harbour sediments may have a low 
efficiency in retaining P generated by the degradation of OM (Dennison & Abal 1999). These 
findings were in agreement with the efflux of phosphate from the sediment into the water 
column described in Chapter 5. 
All stations at Calypso Bay showed C:N and N:P ratios close to Redfield Ratio, again 
suggesting that most of OM available in the sediments came from phytoplankton 
(autochthonous material), and may therefore be more labile or more easily degraded by the 
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benthic community (Dennison & Abal 1999; Glibert et al. 2006; Jørgensen 1996). N to P ratios 
below 6 displayed by all stations at CB suggest that there may be a limitation of sediment 
biomass production by nitrogen, which is in accordance with what has been previous ly 
described for Moreton Bay (Glibert et al. 2006) and coastal systems in general (Dennison & 
Abal 1999; Smith 1984). Low N to P ratios can be caused by the loss of N from the sediment 
through denitrification (Smith et al. 2010), a process in which the nitrate derived from the 
mineralization of OM is transformed and released as gaseous nitrogen (N2) (Enoksson 1987; 
Herbert 1999; Jørgensen 1996). The possibility of high rates of denitrification and the loss of 
molecular nitrogen (N2) to the atmosphere via denitrification in CB was described and 
discussed in Chapter 5 (Figure 5.13). Another factor controlling the amount of N in the system 
described for Moreton Bay is the uptake of ammonium by benthic microalgae (Dennison & 
Abal 1999). Results discussed in Chapter 5 show the existence of active BMA in the sediment 
of these artificial waterways. 
 
4.4.1.6 Conceptual Model 
Conceptual models are useful for illustrating and assessing the key elements and processes of 
a system in a simplified manner (Barnes & Mazzotti 2005). The conceptual diagram for canal 
estates presented in Figure 4.40 reflects this perspective and approach. This allowed us to 
identify and then verify the potential freshwater and nutrient sources, the physico-chemical and 
biophysical properties of the water column, as well as the general benthic characterist ics. 
Overall, the analysis of physico-chemical characteristics show that the two study canal estates 
are physically similar to an estuary but with substantial differences in core aspects such as 
water exchange and, potentially, materials movement and transport. In conjunction with the 
data from the initial study, the model also made it possible to infer the biogeochemica l 
processes occurring in canal estates and how similar they might be to those occurring in an 
estuary.  
However, the removal of key components (e.g. seagrass beds, mangroves) from the canal estate 
system, as well as the DO depletion observed in the water column, suggests that the canal 
estates may be functioning differently regarding benthic metabolism and nutrient 
transformations. Importantly, there is little research into canal estate nutrient recycling and the 
potential consequences that this may have for the surrounding ecosystems. 
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4.5 Conclusion 
This chapter demonstrated that canal estates were not homogenous within themselves, but 
displayed differences in bathymetry, salinity stratification, dissolved nutrients, pelagic and 
benthic Chl-a, water column DO, and benthic characteristics. As part of the first stage of this 
chapter, a baseline study was undertaken in order to determine that canal estates have an 
irregular bathymetry, which favours the accumulation of organic material especially at the 
deepest areas where water movement decreases. The accumulation of organic materials at 
dead-end canals shown by sediment samples agree with previous findings (Cook et al. 2007; 
Cosser 1989; Maxted et al. 1997; Morton 1989; Moss 1989; Nuttall & Richardson 1989; Reilly 
& Phillips 1998; Waltham & Conolly 2011), and suggest that differences in estuarine 
bathymetry can strongly influence the biogeochemical processes occurring between the water 
column and the sediment, favouring eutrophication, depletion of oxygen in bottom waters, as 
well as the occurrence of algal blooms. Accordingly, estuarine bathymetry is of great 
importance and should be considered when undertaking planning and management decisions.  
Also, freshwater inputs coming from stormwater drains, land runoff and potentially from 
groundwater were identified. Stormwater measurements were not the scope of this study; 
however, our results show that untreated stormwater inputs can affect the water column 
structure of residential canal estates, and thus they should be considered when managing these 
artificial waterways. 
These freshwater inputs added to tidal inputs and poor water exchange with the adjacent estuary 
favour the layering of water column. In this regard, spatial variations were identified with inner 
stations showing a layering of water column and locations closer to the canal estate mouth 
showing a more mixed water column. The water column layering also varied on a daily basis 
due to tidal fluctuation. Additionally, seasonal variations were also identified due to an increase 
in freshwater inputs during the rainy season. The longitudinal and vertical salinity gradients 
described here suggest that interaction between external waters and land-based sources are 
important for canal water quality and should be considered when managing these artific ia l 
waterways. 
Similarly, biophysical properties also showed spatial and seasonal variations. That is, the 
highest concentrations of water column dissolved nutrients content and Chl-a were found at 
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inner stations, as well as higher turbidity and light attenuation. Similarly, the highest water 
column Chl-a, turbidity and light attenuation were found during the rainy season. As a 
consequence, inner site sediments present a higher silt content, OM and detritus, which favours 
DO depletion, suggesting local variations in biogeochemical processes and ecology. To 
elucidate the latter, the biogeochemical performance of canal estate is the topic of the next 
chapter. 
Overall, data presented in this chapter showed that the two case study canals have similar 
features to other artificial canal estates. Also, among the natural sources of materials that both 
canal estates have tidal inputs, freshwater coming from rainfall and groundwater, and 
phytoplanktonic material. Similarly, anthropogenic sources of materials include freshwater 
coming from stormwater and land runoff. Due to high content of organic matter and dissolved 
nutrients, it can be concluded that the main sources of artificial canal estates likely to influence 
C, N, and P cycles are the freshwater inputs. 
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Chapter 5. Process Measurements 
5.1 Introduction 
The replacement of the estuarine environment by the construction of artificial canal systems is 
of great concern to environmental managers (Cook et al. 2007; Reilly & Phillips 1998). The 
often-expansive area occupied by canal estates may represent a significant change to the 
estuarine systems in which they sit and the adjacent aquatic environments (Wolanski 2007). 
The main changes experienced include the replacement of soft estuarine structures by hard 
structures, and the transformation of the estuarine landline into long and narrow canals with 
intricate shapes and irregular bathymetry (Morton 1989; Shoalhaven City Council 2014; 
Wolanski 2007). These changes reduce water exchange with the water source (e.g. estuary) 
and favour water column stratification (Lemckert 2006; Morton 1989). In addition, land-
derived sources (e.g. stormwater) increase nutrient inputs, and thus biological processes such 
as primary production and respiration, are altered (Morton 1992). Hence, reduced water 
exchange with the adjacent estuary, water column stratification, increased primary production 
rates and high deposition of organic matter combine to reduce dissolved oxygen levels in canal 
bottom waters. The findings described in the previous chapter are consistent with these 
patterns, and suggest potential changes in key biogeochemical processes such as aerobic and 
anaerobic respiration, nutrient cycling and denitrification. 
Processes such as benthic metabolism and nutrient cycling become important as indicators of 
estuarine performance and status (Barnes & Mazzotti 2005). These processes control the key 
biogeochemical cycles of carbon, nitrogen and phosphorus, and thus the measurements of these 
processes can give an insight into estuarine health (Liu et al. 2010). For example, research 
undertaken in Chesapeake Bay illustrates that net ecosystem metabolism (NEM) determina t io n 
is useful as a management strategy for coastal environments (Kemp et al. 1997). In this context, 
a decrease in NEM implies higher input of land-derived inorganic nutrients, which is 
accompanied by a decrease in dissolved oxygen of bottom waters and increasing heterotrophy 
of an estuary (Kemp et al. 1997). 
Land-derived inorganic nutrients that reach an estuary are rapidly transformed into organic 
form through the process of photosynthesis. An increase in pelagic primary production implies 
a rise in organic matter deposition to the benthos, and thus a potential decrease in oxygen 
content (Conley & Johnstone 1995). In this regard, it becomes an important management 
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strategy to not only consider the nature (autochthonous or allochthonous) and loads of 
inorganic nutrients, but also the cycling processes through which these nutrients are 
transformed into organic matter (Boyton et al. 1995). For example, a process such as 
denitrification is an important pathway through which the estuarine system losses nitrogen and 
impacts the stocks of inorganic nitrogen available for photosynthesis (Deutsch et al. 2010). For 
example, denitrification measurements undertaken in a tidal creek located adjacent to the Gold 
Coast Broadwater, Australia, showed that high inputs of inorganic nitrogen coming from 
stormwater drains favoured drawdown of benthic oxygen and increase if denitrification rates 
which implies a net export of inorganic nitrogen into the Gold Coast Broadwater (Dunn et al. 
2013). 
Unfortunately, there is little published research describing canal estate biogeochemica l 
function and behaviour; especially with regard to the wider role these systems may play as 
sources or sinks for nutrients within the wider estuarine setting. In consideration of these 
knowledge gaps, the second objective of the thesis aimed to characterize the key internal 
biogeochemical processes of the two residential canal estates selected, as a way to understand 
the cycling of materials within the canal ecosystem and the potential implications this may 
have for canal estate management. Accordingly, two central hypotheses are tested in this 
chapter: (1) The levels of gross primary production, respiration, nutrient fluxes and 
denitrification in the respective canal estates are different to those reported for similar, but 
undeveloped estuaries. (2) The levels of gross primary production, respiration, nutrient fluxes 
and denitrification in the respective canal estates are different to the estuary that they are 
located within, and associated to. 
The methods chosen to achieve this objective include measurements of primary production 
rates, respiration rates, benthic nutrient fluxes, and denitrification rates.  
 
5.2 Methods 
The methods used to estimate the key biogeochemical cycles of the two case studies can be 
divided into four sections or stages. The first stage addresses the physico-chemical and 
biophysical features of the water column. The second stage was undertaken in parallel to these 
measurements, and examines processes such as primary production and respiration determined 
using sediment core incubations (detailed explanation of method in section 5.2.4). This 
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information was subsequently used to determine the net ecosystem metabolism of the whole 
canal estate system, as well as benthic nutrient fluxes. The third stage examines benthic 
sediment characteristics (e.g. nutrient and Chl-a content) and was undertaken after sediment 
incubations were completed. Finally, the fourth stage investigates denitrification rates also 
using sediment core incubations. The specific methods used at each stage are described in detail 
below. 
 
5.2.1 Study Site Description 
As mentioned in the previous sections the study was undertaken in two residential canal estates 
located in South East Queensland, Australia (Figure 5.1): Pacific Harbour (27°02’S, 153°08’E) 
and Calypso Bay (27°47’S, 153°22’E). The study region is subject to a subtropical climate with 
dry conditions during winter time (May-October), and heavy rainfalls during summer time 
(November-April) (Heggie & Skyring 1999; Wolanski 2013). The annual mean rainfall is 
1,602 and 1,358 mm at PH and CB, respectively corresponding with the heavy rainfa ll 
concentrated between November and April (Heggie & Skyring 1999). Accordingly, during the 
wet season riverine sediment inputs and runoff to the western side of the bay increases, causing 
light availability and phytoplankton levels to decrease. After rain events, light availability 
increases allowing phytoplankton levels to grow. As a consequence, sedimentation of organic 
materials increases after rain events, as well as respiration and denitrification rates (Heggie & 
Skyring 1999). 
The mean monthly temperature at PH is 30°C during summer time (wet season) and 19°C 
during winter (dry season). The mean monthly temperature at CB is 28°C during summer time 
(wet season) and 21°C during winter time (dry season). Accordingly, the highest evaporation 
occurs during summer time (wet season), with 500 mm, and 300 mm during winter time 
(Bureau of Meteorology 2014). 
On construction, Pacific Harbour (PH) (Figure 5.1.a.) replaced Dux Creek, the largest tidal 
creek of Bribie Island, which was mangrove- lined along its length. Notably, the dredged 
material produced during construction was used to elevate the adjacent shoreline areas for 
housing construction, and the canals were given a mean depth of 2.7 m LAT (lowest 
astronomical tide), with some locations reaching >3 m depth (Kellogg Bet al. 2012). Calypso 
Bay (CB) canal estate (Figure 5.1.b.) was also constructed on low-lying land inhabited by 
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extensive mangroves, and likewise, during its construction material was dredged and used as 
fill. As shown by our measurements, the mean depth at CB is 3.3 m LAT with some locations 
reaching >4 m depth during high tide.  
 
 
Figure 5.1. Location of the two study sites: a) Pacific Harbour canal estate and, b) Calypso 
Bay canal estate. The numbers indicate sediment core sampling locations for the 
biogeochemical process measurements. Modified from Wolanski (2014). 
 
As shown in the previous chapter, bathymetry of both canal estates is irregular, with shallower 
and deeper areas. Lemckert (2006) suggested that irregular bathymetry of canal estate favours 
the trapping of bottom water and, as shown by our data, it also favours the accumulation of soft 
material rich in organic matter. Accordingly, the sediment cores in this study were collected 
from shallower areas (e.g. dead-end canals), as well as from sites that are the deepest (e.g. 
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closer to the canal mouth) in order to reflect the range of benthic conditions and depositiona l 
situations. 
Pacific Harbour receives tidal inputs from Pumicestone Passage. This canal system has a 
second but smaller connection to the estuary, which allows excess of water to drain into the 
estuary during flood periods. All sewage from the adjacent housing sites is piped to a remote 
sewage treatment plant, but all stormwater flows directly into the canal waters (Moreton Bay 
City Council 2016). In addition, Gleeson (2012) showed that the flow of groundwater into this 
canal estate during ebb tide ranges from 0.5-1.5 % of the total volume of water entering the 
canal. The groundwater flow occurs because Bribie Island is primarily composed of sand, 
which favours the recharge of the two aquifers that exist over an extensive area of the island. 
Rainwater that rapidly enters the aquifers by infiltration after precipitation is stored, and slowly 
drained into the ocean, mainly during low tide (Armstrong and Cox, n.d.; Isaacs & Walker 
1983; Taulis et al. 2011). Unfortunately, there is no data available for nutrient concentration in 
groundwater flowing into Pacific Harbour canal estates. 
Similarly, Calypso Bay canal estate (CB) receives tidal inputs from the shallow Pimpama 
Estuary. However, unlike the previous location, it is still undergoing further development on 
the outer reaches of the central developed area associated with the study sites used in this 
investigation. The area is also fully sewered but it receives untreated urban stormwater from 
drains that are located all along its length as a way to prevent floods (Gold Coast City Council 
2013). The area is flat, and is surrounded by sugar cane plantations, Melaleuca forest, and a 
spoil disposal site used to treat the material dredged from the Jacob’s Well Navigationa l 
Channel (Cardno Pty Ltd 2008). Similar to Pacific Harbour, there is no data available regarding 
nutrient concentration in groundwater or fluxes of groundwater into this canal system. 
The baseline conditions study (Chapter 4) revealed that both canal estates experience water 
column stratification at inner sites (e.g. Figure 4.10, Figure 4.11, Figure 4.18), and are 
characterised by high dissolved nutrients (e.g. Figure 4.34, Figure 4.35, Figure 4.36) and 
chlorophyll-a concentrations (e.g. Figure 4.22, Figure 4.24). Likewise, decreased DO levels 
towards the bottom occurred sometimes at inner stations especially after rain events (Figure 
4.33). 
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5.2.2 Physico-chemical and Biophysical Features of Canal Estates Waters 
In parallel with the core sampling, and to record the in situ conditions at the time of core 
collection and incubation, water physico-chemical and biophysical conditions were recorded 
using the ALEC Rinko Profiler described in the previous chapter (see section 4.2.2.2). 
Triplicate water profile measurements were taken on each sample event for each station and 
included water temperature (°C), salinity (PSU), pH, photosynthetic active radiation (PAR; 
µmol m-2 s-1), turbidity (FTU), chlorophyll-a concentration (µg L-1) and dissolved oxygen (mg 
L-1). 
 
5.2.3 Benthic Characteristics 
Triplicate sediment core samples were undertaken during the wet and dry season at three 
stations in Pacific Harbour (1, 6, 9) and Calypso Bay (1, 9, 5) (Figure 5.1). Sediment cores 
were collected to a depth of ~10 cm. Sediment core incubations were undertaken to determine 
primary production and respiration rates, as described in section 5.2.4. Once incubations were 
completed, sediment samples were taken from each sediment core for the determination of 
sediment nutrient content (C, N and P), and for the determination of Chlorophyll-a and 
phaeopigment concentrations. 
 
Sediment Nutrient Determination 
Sediment samples were taken from each core for total carbon (TC), total organic carbon (TOC), 
total nitrogen (TN) and total phosphorus (TP) analyses. As shown in Figure 4.37 and Figure 
4.38, the surface of the canal sediment often had small undulations. Because of this, the upper 
5 cm of sediment was collected. To do this, the overlying water was first removed using a 
pipette so as to not disturb the sediment surface. The underlying 5 cm sediment horizon was 
collected by pushing the whole core to above the core sleeve head where it was sampled using 
an acid washed metal spatula and then immediately placed into an air-tight acid washed glass 
containers and frozen (approx. -4°C) to reduce the influence of oxidation on the exposed 
sediments and to significantly reduce microbial activity. Assuming that the surface of each 
section was oxidized by air exposure to a depth of 1 mm in this process, then < 20% of the total 
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sediment sample was subject to potential oxidation. Sediment samples were then frozen at -
20°C and all subsequent sample handling maintained anoxic conditions.  
TC, TOC, TN and TP were performed by the School of Agriculture and Food Science using 
the method of Rayment and Higginson (1992), as described in Chapter 4, section 4.2.2.4. 
Carbon to nitrogen (C:N) ratios were used as a measure of organic matter nutritional quality 
(Dennison and Abal 1999; Jørgensen 1996; Paasche 1988). 
Phytoplankton and benthic microalgae are the only primary production source registered in 
canal estates in the wider study region (Connolly 2003; Waltham & Connolly 2006). According 
to Dennison and Abal (1999), the Redfield ratio C to N to P of 106:16:1 can be used to estimate 
the benthic nutrient mineralization (Redfield et al. 1963). The decomposition suffered by the 
organic matter (OM) implies a quicker loss of nitrogen and phosphorus than of carbon 
(Jørgensen 1996). The mean Redfield molar ratio of the plankton detritus that reaches the 
benthos at Moreton Bay is reported to be C: N = 6.5 and C:P = 106 (Dennison and Abal 1999; 
Smith et al. 2010). Importantly, however, it is noted that organic matter mineralization in the 
sediments can result in preferential reduction of organic nitrogen relative to OC, resulting in 
elevated C:N > 10. On the contrary, relatively fresh, non-mineralized OM will have a lower 
C:N. Since phosphorus binds to iron minerals and accumulates in the sediments, the C:P will 
be lower in the sediments (Jørgensen 1996; Paasche 1988). In this context, the determina t ion 
of the total levels of C, N and P, as well as the respective ratios between them, can provide 
important insights into benthic community conditions. 
 
Benthic Microalgae and Pheaopigments 
During the wet and the dry season, triplicate sediment core samples were taken at three stations 
in Pacific Harbour (1, 6, 9) and Calypso Bay (1, 9, 5) (Figure 4.2). Sediment core were 
incubated following the methods described below to measure respiration rates. Then, two sub-
samples of 1 cm3 of sediment were collected from each core with a 20 mL cut-off syringe, and 
placed in acid washed glass containers with 1 mL of 90% acetone (Brito et al. 2009; Dalsgaard 
et al. 2000; Lars-Anders 1988). Glass containers were covered with aluminium paper to avoid 
chlorophyll degradation caused by light exposure (Dalsgaard et al. 2000). Also, they were 
agitated to ensure that all sediment was in contact with the acetone and they were left at 4°C 
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for 12 hours (Dalsgaard et al. 2000; Lars-Anders 1988). Afterwards, the samples were 
centrifuged for ten minutes at 3000 rpm to ensure absorption at 750nm is <0.005 (Dalsgaard et 
al. 2000). 
Spectrophotometric readings were undertaken with a 1 cm glass cuvette at 750 and 665 nm 
wavelengths against 90% acetone blank. Samples were acidified with 0.1 mL of 0.1 N HCl, 
mixed and left for an hour. Absorbance was measured with 750 and 665 nm wavelengths again 
(Dalsgaard et al. 2000). Chlorophyll-a biomass is expressed in µg of Chl-a per volume of 
sediment (cm3) and it was obtained using the following equation:   
𝐶𝐶ℎ𝑙𝑙 − 𝑎𝑎 = {11 ×  2.43 [(665𝑏𝑏 −  750𝑏𝑏) − (665𝑎𝑎− 750𝑎𝑎)] ×  𝑉𝑉} ÷ 𝑎𝑎 ×  𝑙𝑙                     
         (Dalsgaard et al. 2000) 
 
where 11 is the absorption coefficient of chlorophyll-a, 2.43 is the factor to equate the reduction 
in absorbancy to initial chlorophyll concentration, 665b and 750b are the extinction at 665 and 
750 nm respectively before acidification, 665a and 750a are the extinction at 665 and 750 nm 
respectively after acidification, V is the volume of acetone extract (mL), a is the volume of 
sediment sampled (cm3), and l is the path length of cuvette (cm) (Dalsgaard et al. 2000). 
The percentage of photosynthetic active radiation (PAR) reaching the benthos was calculated 
as shown by Brito et al. (2013), and the light extinction coefficient (k) was calculated according 
to Lalli and Parsons (1993). 
 
5.2.4 Primary Production, Respiration and Ecosystem Metabolism 
During the wet and dry season sediment core samples were undertaken at three stations in 
Pacific Harbour (1, 6, 9) and Calypso Bay (1, 9, 5) (Figure 5.1). Six intact sediment cores were 
collected from each station to a sediment depth of ~10 cm for the core incubations (Dalsgaard 
et al. 2000). Three replicate sediment cores were incubated under light and three under dark 
conditions, as shown in Figure 5.2. Also, six blank cores were filled in with bottom water from 
each site (three for dark and three for light incubations) and were treated the same way as cores 
with sediment. This water cores were used to estimate water column oxygen 
production/consumption (Dalsgaard et al. 2000).  
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Figure 5.2. Photograph of the light (a) and dark (b) core incubations. 
 
Water and sediment cores were submersed in a water bath to maintain in situ temperatures 
(Figure 5.3). Each core lid had a suspended stirring bar which was driven by an external rotating 
magnet located in the center of the bath. All material (e.g. cores, core lids) were acid washed 
before core sampling and rinsed three times with deionized-distilled water. DO concentrations 
in each core were measured (time = zero) before closing them with the magnet rotator on for 
one hour. After sealing each core DO concentrations were measured again after an hour (time 
= 60 minutes) and after two hours of incubation (time = 120 minutes), and the primary 
production was determined fom the rate of change of DO levels over time (Dalsgaard et al. 
2000).  
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Figure 5.3. Diagram of (a) a core with a suspended stirring bar hanging from the lid and (b) 
core incubation bath with the central rotating magnet connected to a battery. Sediment core 
height was ~10 cm, and the height of the overlying water was ~10 cm. 
 
Dissolved oxygen fluxes with positive values indicate photosynthetic production exceeding 
respiration, and therefore efflux of oxygen, while negative values indicate respiration or 
consumption of oxygen above any photosynthesis that might occur, if any occurs. The benthic 
primary production was given by the DO flux of cores subjected to light, while the benthic 
respiration was given by the DO flux of cores incubated in the dark. The benthic primary 
production was estimated as the difference between the DO flux of cores subjected to light 
minus the DO flux of cores subjected dark (Dalsgaard et al. 2000). Oxygen fluxes are expressed 
as a function of incubation time and sediment surface area (mg O2 m-2 d-1). Oxygen fluxes were 
then converted to carbon using a photosynthesis quotient (PQ) and a respiratory quotient (RQ) 
of 1 (Heggie et al. 1999). 
The system trophic status is determined by the balance between the system primary production 
(P) and the total system respiration (R) (Kemp et al. 1997). The net ecosystem metabolism 
(NEM) of these two case studies was determined by calculating the primary production to 
respiration ratio (p:r) as shown in Kemp et al. (1997). Systems in which P > R, primary 
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production exceeds respiration, and therefore the system is net autotrophic (Figure 5.4). On the 
contrary, when P < R respiration exceeds primary production, indicating that the system is net 
heterotrophic.  
 
 
Figure 5.4. The trend of p to r ratio that determines the autotrophy or heterotrophy of an 
estuarine system (modified from Odum 1956). P is the system primary production and R is the 
system respiration. 
 
Net ecosystem metabolism can also help determine how much organic matter is available for 
higher trophic levels, for burial, or for export to the atmosphere or other aquatic systems (Eyre 
et al. 2011). For example, systems with NEM values > 1 require imports of inorganic nutrients 
from external sources, and organic matter present in the system is readily available for other 
trophic levels, burial or export. In contrast, NEM values < 1 indicate that the system organic 
matter is being regenerated and exported to other aquatic systems or to the atmosphere as CO2 
(Kemp et al. 1997). 
 
5.2.5 Nutrient Flux Determination 
Prior to core sampling, duplicate samples of surface and near-bottom water were collected and 
filtered with Millipore Express Polyethersulfone (PES) Merk membrane filters (0.45 µm) at 
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each station for dissolved nutrient analysis (ammonium, nitrate, SRP). Also, at the beginning 
and at the end of the incubations 10 mL water samples were taken from each core for nutrient 
analysis (ammonium, nitrate, SRP). As a way to avoid contamination, the handling of sediment 
cores, site water and water samples were done wearing clean gloves. Also, all materials used 
here were previously acid washed and rinsed three times with distilled-deionized water. Water 
samples were frozen at -20 degrees and sent to the School of Agriculture and Food Science, 
University of Queensland. 
The benthic fluxes were measured using the initial and final concentration of nutrients 
(ammonium, nitrate, SRP) over time, as shown by the following equation: 
 
Flux = (Cn – C0) x V 
               t           A 
(Dalsgaard et al. 2000) 
 
Where C0 is the nutrient concentration (µmol L-1) at time zero, Cn is the nutrient concentration 
(µmol L-1) at time t (hours), V is the volume of water in the core (L), and A is the surface area 
of the sediment surface in core (m-2). The sediment to water nutrient flux is measured in µmol 
m-2 h-1. 
 
5.2.6 Denitrification Rate Determinations 
Denitrification rates were determined using the 15N isotope pairing method for sediment core 
incubations (Nielsen 1992). The advantage of the 15N isotope pairing technique is that it is a 
sensitive technique which allows determination of the proportion of N2 released during the 
metabolism of nitrate coming not only from the overlying water but also from nitrifica t ion 
occurring within the sediment (Nielsen 1992; Nielsen & Glud 1996) due to the strong coupling 
that exists between nitrification and denitrification (Jenkins & Kemp 1984; Nishio et al. 1983). 
The 15N isotope pairing method has been proven to be a powerful method for determining the 
denitrification rate in marine and freshwater environments and the deviation from in situ 
conditions are minimal (Nielsen 1992; Middelburg et al. 1996). However, this method requires 
four critical assumptions: (i) isotopes are uniformly mixed in the denitrification zone, (ii) the 
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rate of coupled nitrification-denitrification does not change due to the addition of 15NO3-, (iii) 
isotope fractionation can be neglected, and (iv) both isotopes (15NO3-, 14NO3-) diffuse simila r ly 
(Nielsen 1992). 
Prior to core sampling, duplicate samples of surface and near-bottom water were collected at 
the core collection location and filtered (0.45 µm) for dissolved nutrient analysis (ammonium, 
nitrate, SRP) and for δ15N analysis.  
All sediment cores were collected during the same seasonal field campaigns at three stations 
(Figure 3 a. and b.) to allow for direct comparison of results. Each time, three intact sediment 
cores were collected from each station to a depth of ~10 cm and kept in dark until the incubatio n 
was started (Dalsgaard et al. 2000). All sediment core replicate were subjected to dark 
incubation only to measure maximum denitrification rates. As explained in section 5.2.4, water 
and sediment cores were submersed in a bath to maintain temperature close to that in situ. Each 
core lid had a suspended stirring bar which was driven by an external rotating magnet 
connected to a battery and located in the center of the bath. Using a stock solution of K15NO3- 
10 mM as a source of 15NO3-, 0.5 mL was added to the overlying water of the sediment and, 
after one minute, a 10mL water sample was collected and filtered (0.45 µm) for dissolved 
nutrient analysis (ammonium, nitrate, SRP) and a 10 mL sample for δ15 NO3- analysis. The 
amount of K15NO3- stock solution to be injected into each core was determined based on the in 
situ 15NO3- levels found during the pilot study (Chapter 4).  
Cores were refilled with 20 mL of filtered bottom water and then, closed with a rubber stopper 
leaving a 10 mL space between the lid and the water surface for oxygen availability. Cores 
were incubated for 3.5 hours with a rotating magnet that gently stirs the water. Once the 
incubation finished, the cores were shaken with the remaining water to stop the incubation and 
left to set for approximately 20 minutes. Then, a 10 mL water sample was collected and filtered 
(0.45 µm) for dissolved nutrient analysis (ammonium, nitrate, SRP) and a 10 mL sample for 
δ15N2 analysis. All water samples taken for the δ15N2 analysis were preserved adding 150 µL 
of ZnCl2 50%v/w (Dalsgaard et al. 2000). Measurements of 15N-enriched N2 are done by mass 
spectrometry (Nielsen 1992). The denitrification rates were calculated using the concentrations 
of 29N2 and 30N2 at the beginning and at the end of the incubation as described, in Dalsgaard et 
al. (2000). 
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Total denitrification rates (Dtot) were calculated by adding the denitrification rate based on 
added isotope (15NO3-) D15, and the denitrification rate based on the unlabelled nitrate (14NO3-
) D14.  
Dtot = D15 + D14 
The denitrification rate based on added isotope (15NO3-) D15 is calculated from the measured 
production of 14N15N and 15N15N, as followed: 
D15 = (14N15N) + 2(15N15N) 
The denitrification rate based on the unlabelled nitrate (14NO3-) D14 is calculated from D15 using 
the produced labelled dinitrogen as shown below: 
D14 = D15 * (14N15N) 
2(15N15N) 
The denitrification coupled to nitrification (Dn) is calculated by difference between the 
denitrification rate based on the unlabelled nitrate (14NO3-) and the denitrification based on 
nitrate diffusing from the water column: 
Dn = D14 - DW 
The denitrification based on nitrate diffusing into the sediment from the overlying water 
column (DW) is calculated from the measured production of the concentration of nitrate before 
adding the isotope ([NO3-]b), and the concentration of nitrate after adding the isotope ([NO3-
]a), as followed: 
DW = D15 / [NO3-]a – [NO3-]b 
[NO3-]a 
(Nielsen 1992) 
 
5.3 Results 
The results are divided into 4 sections: (i) the physico-chemical and biophysical water column 
features at each station where sediment core samples were taken for the incubations; (ii) the 
benthic characteristics of each station where sediment core samples were taken for the 
incubations; (iii) pelagic and benthic primary production and respiration, net ecosystem 
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metabolism of the whole canal estate system; and (iv) system denitrification rates at each 
location.  
 
5.3.1 Physico-chemical and Biophysical Features of Canal Estate Waters 
Dry season water column profiles at Pacific Harbour (PH) showed an increase in water 
temperature and salinity from inner sites towards the mouth (Figure 5.5). Water temperature 
was 15 (+0.09)°C and salinity ranged between 31 and 34 PSU, being lower at inner stations 
relative to stations located closer to the mouth. Notably, station 1 showed some stratifica t ion 
of the water column with an increase in salinity towards the bottom, whereas S6 and 9 were 
well mixed.  
Water column light levels at the surface of PH (<0.5 m depth) were below 1000 µmol m-2 s-1 
(mean at 0.5 m depth 980 +492 µmol m-2 s-1) decreasing to a mean of 56 (+10) µmol m-2 s-1 at 
0.1 m from the bottom (Figure 5.5). By comparison, water turbidity increased towards the 
bottom at stations 1 and 6, but remained at 2.5 (+0.7) FTU from surface to bottom at site 9. As 
shown in the previous chapter, water Chlorophyll-a was highest at inner stations (e.g. station 1 
with > 5 (+0.6) µg L-1 Chl-a at the surface). Despite a slight decrease in DO towards the bottom, 
conditions remained oxygenic, with DO levels > 8 (+0.1) mg L-1 at all three stations. 
During the wet season, water column physico-chemical characteristics also showed some level 
of stratification, with both temperature and salinity values differing at the surface compared to 
bottom water values at all three stations (Figure 5.6). Water temperature and salinity were 
higher relative to the dry season values, with mean temperatures at 28 (+0.4)°C, and mean 
salinity at 36 (+0.2) PSU. Similar to dry season, light decreased and turbidity increased towards 
the bottom. Station 6 showed the lowest levels of light at the surface (<500 (+119) µmol m-2 s-
1 at 0.5 m) and the highest levels of turbidity. Mean light at the surface (0.5 m) was higher 
(1112 (+843) µmol m-2 s-1) relative to the dry season, decreasing to 68 (+57) µmol m-2 s-1 at 0.1 
m from the bottom. Water Chl-a increased towards the bottom at all three stations with the 
highest values found at station 1 at >6 (+3) µg L-1 Chl-a. DO levels at the surface remained at 
6 (+0.04) mg L-1 but decreased slightly below 2 m depth. 
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Figure 5.5. Physico-chemical and biophysical water column features during core sampling at 
Pacific Harbour canal estate. Data collected during the dry season 2015 includes temperature 
(°C), salinity (PSU), photosynthetically active radiation (µmol m-2 s-1), chlorophyll-a (µg L-1), 
turbidity (FTU) and dissolved oxygen (mg L-1). 
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Figure 5.6. Physico-chemical and biophysical water column features during core sampling at 
Pacific Harbour canal estate. Data collected during the wet season 2016 includes temperature 
(°C), salinity (PSU), photosynthetically active radiation (µmol m-2 s-1), chlorophyll-a (µg L-1), 
turbidity (FTU) and dissolved oxygen (mg L-1). 
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Dry season Calypso Bay profiles showed a slight difference between surface water and bottom 
water values (Figure 5.7). In addition, water temperature at inner stations (S1 and 9) was 
slightly lower compared to the station closer to the mouth and the estuary (S5). Temperature 
ranged between 20 and 21°C, whereas salinity was consistently 34 (+0.08) PSU. Light at the 
surface (< 0.5 m depth) was 1462 (+398) µmol m-2 s-1 decreasing to 110 (+77) towards the 
bottom at all three stations. Water column turbidity as well as Chlorophyll-a levels increased 
towards the bottom, with the highest turbidity values at the outer station (S5). Mean Chl-a 
levels at all three stations were 3 (+1.7) µg L-1. Water DO levels remained oxic (7 +0.26 mg L-
1) at all three stations with a slight decrease towards the bottom. 
The water column during the wet season was also stratified with mean water temperature at 27 
(+0.25)°C and salinity 35 (+0.2) PSU (Figure 5.8). Light at the at the surface was slightly lower 
compared to dry season values, with 682 (+ 300) µmol m-2 s-1 at the surface (0.5 m), and 65 
(+55) at the bottom (0.1 m from the bottom). Mean water column turbidity and Chl-a were 4 
(+3) FTU and 2 (+0.9) µg L-1 at all three stations. DO levels varied across stations between 5 
and 7 mg L-1, with DO concentrations decreasing towards the bottom at inner stations (1 and 
9). 
 
  150 
 
 
Figure 5.7. Physico-chemical and biophysical water column features during core sampling at 
Calypso Bay canal estate. Data collected during the dry season 2015 includes temperature (°C), 
salinity (PSU), photosynthetically active radiation (µmol m-2 s-1), chlorophyll-a (µg L-1), 
turbidity (FTU) and dissolved oxygen (mg L-1). 
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Figure 5.8. Physico-chemical and biophysical water column features during core sampling at 
Calypso Bay canal estate. Data collected during the wet season 2016 includes temperature (°C), 
salinity (PSU), photosynthetically active radiation (µmol m-2 s-1), chlorophyll-a (µg L-1), 
turbidity (FTU) and dissolved oxygen (mg L-1). 
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5.3.2 Benthic Characteristics 
This section describes characteristics of benthic sediments. Results presented here are for 
sediment nutrient content (C, N and P) and benthic chlorophyll-a and phaeopigment content. 
 
Sediment Nutrient Determinations 
Most of the carbon found in the sediments of both canal estates was in the organic form (Table 
5.1). The organic carbon concentration in surface sediment of Pacific Harbour ranged between 
0.6% and 4% dry weight, with the highest values occurring at the inner stations. Calypso Bay 
sediment OC content varied across stations, with values ranging between 0.52% and 2.23% dry 
weight, with the lowest OC content found at station 9. 
Pacific Harbour organic carbon content displayed seasonal variations, with slightly higher 
concentrations occurring during the dry season, and lower concentrations during the wet 
season. In contrast, Calypso Bay had the highest sediment OC content occurring during the wet 
season.  
 
Table 5.1. Mean (+ standard deviation) sediment composition for both locations during the wet 
and the dry season (n=6). Samples were collected from the top 5 cm of the sediment core using 
an acid washed metal spoon, and kept in acid washed glass containers and stored on ice, until 
they were frozen at -20 degrees. 
Location Season Stations %TOC TOC (Wt%) TN (Wt%) TP (mg kg-1) 
Pacific 
Harbour 
DRY 
1 93 + 2 4.26 + 0.4 0.47 + 0.04 562 + 118 
6 94 + 2 2.22 + 0.3 0.34 + 0.03 495 + 37 
9 93 + 2 1.19 + 0.2 0.22 + 0.03 263 + 53 
WET 
1 91 + 4 3.83 + 1 0.17 + 0.06 517 + 132 
6 96 + 1 2.66 + 0.2 0.15 + 0.02 446 + 90 
9 96 + 2 0.62 + 0.1 0.15 + 0.06 261 + 65 
DRY 1 93 + 2 1.79 + 0.5 0.19 + 0.06 511 + 181 
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Calypso 
Bay 
9 95 + 2 0.52 + 0.2 0.06 + 0.02 83 + 48 
5 93 + 2 2.23 + 0.1 0.19 + 0.02 575 + 35 
WET 
1 86 + 4 2.12 + 0.4 0.22 + 0.05 91 + 16 
9 87 + 5 0.74 + 0.1 0.04 + 0.02 55 + 10 
5 88 + 4 1.64 + 0.1 0.13 + 0.02 93 + 13 
 
Concentrations of TN and TP were also the highest at inner stations of PH (Table 5.1). 
Conversely, Calypso Bay TN and TP sediment content did not vary systematically across 
stations. Notably, station 9 at CB showed the lowest TN and TP concentrations during both 
seasons. 
As shown in Figure 5.9, most sediment C to N ratios in both canal estates were close to Redfield 
ratios during the dry season, but above the Redfield ratios during the wet season; indicat ing 
that there was more OC bioavailable relative to nitrogen in the sediment, and, potentially, that 
most of the N had already been degraded (Figure 5.9). N:P ratios at Pacific Harbour were below 
the Redfield ratios during both seasons indicating that there was more P relative to N in the 
sediments. C:P ratios < 106 at PH show that during the dry season there was more P relative to 
OC in the sediment. In contrast, during the wet season C:P ratios at PH were >106, suggesting 
that there was more OC relative to P during this wet period (Figure 5.9). 
Calypso Bay N:P ratios at stations 1 and 5 during the dry season were < 16N:1P, suggesting 
that there was a loss of N from the sediment (Figure 5.9). On the contrary, during the wet 
season N:P ratios at stations 1 and 5 were > 16N:1P indicating that there was more N in the 
sediment. Notably, N:P ratio at stations 9 remained close to the Redfield ratio during both 
seasons. C:P ratios at CB during the dry season were close to the Redfield ratio, but were above 
106C:1P during the wet season indicating that there was more OC relative to P in the sediment 
after rain events (Figure 5.9). 
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Figure 5.9. Organic carbon to total nitrogen ratios (OC:TN), total nitrogen to total phosphorus 
ratios (TN:TP) and organic carbon to total nitrogen ratios (OC:TP) at both locations, (a) Pacific 
Harbour and (b) Calypso Bay. Sediment samples were taken during the wet and the dry season 
(n = 6). Data is presented in molar ratios. 
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Benthic Microalgae and Phaeopigment 
Chl-a concentrations ranged between 0.1 and 6.59 µg cm-3 at PH, and between 0.02 and 0.1 µg 
cm-3 at CB, while phaeopigment concentrations varied from 6 to 0.85 µg cm-3 at PH and from 
7.19 to 0.39 µg cm-3 at CB (Table 5.2). In general, the chlorophyll-a to phaeopigment ratios 
were >1, indicating that there was a higher level of phaeopigment in the sediment than 
chlorophyll-a. Also, spatial variations were observed in total sediment chlorophyll-a and 
phaeopigment content with higher concentrations at the inner stations. Data from both locations 
showed seasonal variations, with the highest concentration of Chl-a and phaeopigment 
occurring during the wet season. 
 
Table 5.2. Sediment chlorophyll-a and phaeopigment composition for both locations during 
the wet and the dry season + standard deviation (n=3). 
Location Season Stations 
Chl-a 
(ug cm-3) 
Phaeopigment 
(ug cm-3) 
Chl-a : 
Phaeopigment 
Pacific 
Harbour 
DRY 
1 1.19 + 2.3 2.46 + 1.8 0.48 
6 1.95 + 1.7 1.90 + 1.4 1.03 
9 0.88 + 0.8 0.85 + 1.6 1.04 
WET 
1 3.10 + 4.2 6.04 + 6.6 0.51 
6 6.59 + 2.4 7.79 + 2.2 0.85 
9 1.91 + 2.2 1.79 + 1.7 1.07 
Calypso 
Bay 
DRY 
1 0.10 + 0.1 0.70 + 0.2 0.14 
9 0.07 + 0.1 1.05 + 0.4 0.07 
5 0.02 + 0.1 0.39 + 0.03 0.05 
WET 
1 0.20 + 1.3 1.08 + 1.8 0.19 
9 0.07 + 2.6 7.19 + 6.5 0.01 
5 0.06 + 1.7 3.17 + 1.6 0.02 
 
Photosynthetically active radiation (PAR) decreased exponentially towards the bottom and the 
extinction coefficient (k) varied across stations and locations (Table 5.3). In general, the 
extinction coefficient k (m-1) ranged between 0.66 and 1.44 m-1 during the dry season, and the 
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percentage of surface light reaching the benthos was generally less than 9%, being even lower 
than 9% during the wet season. 
 
Table 5.3. Photosynthetically active radiation (PAR) at the water surface, at the sediment 
surface, and the percentage of surface light reaching the benthos (umol m-2 s-1). 
Location Season Stations 
PAR at 
Surface 
(umol m-2 
s-1) 
Depth 
(m) 
PAR at 
Benthos 
(umol 
m-2 s-1) 
Percentage 
Light at 
Benthos 
Light 
Extinction 
Coefficient 
k (m-1) 
Pacific 
Harbour 
DRY 
1 2,196 3.093 51 2.32 1.22 
6 1,424 3.274 115 8.06 0.77 
9 984 4.492 73 7.47 0.59 
WET 
1 3,171 2.772 101 3.20 1.04 
6 634 2.843 36 5.62 1.01 
9 2,338 5.385 6 0.25 1.11 
Calypso 
Bay 
DRY 
1 1,751 3.773 128 7.33 0.69 
9 1,781 2.687 157 8.79 0.91 
5 2,024 2.708 41 2.03 1.44 
WET 
1 553 4.155 104 18.76 0.66 
9 888 3.879 25 2.84 0.92 
5 709 3.343 23 3.20 1.03 
 
5.3.3 Pelagic vs Benthic Primary Production and Respiration 
Pelagic and benthic gross primary production (GPP) of both canal estates are shown in Table 
5.4 and Table 5.5. Mean pelagic GPP at PH was 769 (+165) and 903 (+542) mg C m-2 d-1 for 
the dry and the wet season respectively; mean pelagic GPP at CB was 313 (+263) and 458 
(+308) mg C m-2 d-1 during the dry and the wet season respectively (Table 5.4). Comparative ly, 
mean benthic GPP was lower than mean benthic GPP at PH, with 463 (+351) and 641 (+164) 
mg C m-2 d-1 for the dry and the wet season respectively. Mean benthic GPP at CB was 166 
(+172) and 479 (+282) mg C m-2 d-1 during the dry and the wet season respectively (Table 5.5). 
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Table 5.4. Pelagic respiration (R), pelagic gross primary production (GPP), pelagic net 
primary production (NPP) and pelagic net ecosystem metabolism (p:r). All rates are in mg of 
carbon per square metre per day. 
Location Season Stations R GPP NPP p:r 
Pacific 
Harbour 
DRY 
1 -1,512 794 -718 0.53 
6 -1,644 920 -723 0.56 
9 -673 594 -79 0.88 
WET 
1 -1,833 573 -1,259 0.31 
6 -1,374 608 -766 0.44 
9 -530 1,529 999 2.89 
Calypso 
Bay 
DRY 
1 -2,023 608 -1,415 0.30 
9 -1,717 230 -1,488 0.13 
5 -1,156 101 -1,054 0.09 
WET 
1 -498 801 303 1.61 
9 -549 204 -344 0.37 
5 -270 369 99 1.37 
 
Table 5.5. Benthic respiration (R), benthic gross primary production (GPP), benthic net 
primary production (NPP) and benthic net ecosystem metabolism (p:r). All rates are in mg of 
carbon per square metre per day. 
Location Season Stations R GPP NPP p:r 
Pacific 
Harbour 
DRY 
1 -672 123 549 0.18 
6 -1,109 825 284 0.74 
9 -1,015 440 575 0.43 
WET 
1 -696 487 209 0.70 
6 -793 623 170 0.79 
9 -336 813 -477 2.42 
DRY 1 -313 85 228 0.27 
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Calypso 
Bay 
9 -682 363 319 0.53 
5 -291 50 241 0.17 
WET 
1 -464 369 95 0.79 
9 -700 799 99 1.14 
5 -261 269 191 1.13 
 
The pelagic to benthic GPP ratios indicate that at most stations and locations pelagic to benthic 
GPP ratios were above one (>1) (Table 5.6). However, during the wet season, station 6 at PH 
showed a pelagic to benthic GPP ratio below 1 (<1). In the same way, station 9 at CB had a 
pelagic to benthic GPP ratio below one (< 1) during both seasons. This indicates that benthic 
GPP at these locations is higher compared to the pelagic GPP.  
 
Table 5.6. Pelagic and benthic gross primary production, and pelagic to benthic GPP ratios 
across stations and seasons. All units are expressed in mg of carbon per square meter per day. 
Location Season Stations Pelagic Benthic 
Pelagic : Benthic 
Ratio 
Pacific 
Harbour 
DRY 
1 794 123 6.46 
6 920 825 1.12 
9 594 440 1.35 
WET 
1 573 487 1.18 
6 608 623 0.98 
9 1,529 813 1.88 
Calypso 
Bay 
DRY 
1 608 85 7.16 
9 230 363 0.63 
5 101 50 2.03 
WET 
1 801 369 2.17 
9 204 799 0.26 
5 369 269 1.37 
 
Similarly, mean pelagic respiration rates were slightly higher than benthic rates, with mean 
pelagic respiration at PH of -1,276 (+526) and -1,246 (+661) mg C m-2 d-1 for the dry and the 
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wet season respectively; mean pelagic R at CB were -1,632 (+440) and -439 (+149) mg C m-2 
d-1 during the dry and the wet season respectively. Pelagic respiration rates showed spatial 
variations at both locations with higher rates at inner stations, as well as seasonal variations 
with the highest rates during winter time. 
Benthic respiration rates varied across stations and locations; however, there were also seasonal 
variations with mean benthic respiration rates at PH of -932 (+230) and -618 (+224) mg C m-2 
d-1 for the dry and the wet season, respectively. Mean benthic respiration rates at CB were -428 
(+189) and -475 (+220) mg C m-2 d-1 during the dry and the wet season, respectively. Similar 
to pelagic respiration, benthic respiration rates are higher during winter time. 
 
5.3.4 System Primary Production and Respiration 
Gross primary production and respiration varied across stations and locations (Table 5.7), but 
in general they were higher at inner stations, and higher at PH compared to CB. GPP showed 
seasonal variations at both locations, with mean GPP at PH of 715 (+240) and 471 (+250) mg 
C m-2 d-1 for the dry and the wet season, respectively. Mean GPP at CB were 259 (+184) and 
406 (+101) mg C m-2 d-1 during the dry and the wet season, respectively.  
 
Table 5.7. System respiration (R), gross primary production (GPP), net primary production 
(NPP) and net ecosystem productivity (NEM) (p : r). All rates are in mg of carbon per square 
metre per day. 
Location Season Stations R GPP NPP p:r 
Pacific 
Harbour 
DRY 
1 -2,010 917 -1,093 0.46 
6 -1,546 779 -767 0.50 
9 -1,262 450 -813 0.36 
WET 
1 -1,137 297 -840 0.26 
6 -689 358 -331 0.52 
9 -365 757 392 2.07 
Calypso 
Bay 
DRY 
1 -1,411 268 -1,143 0.19 
9 -1,035 438 -598 0.42 
5 -865 71 -794 0.08 
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WET 
1 -962 515 -447 0.54 
9 -325 388 713 1.19 
5 -369 315 -54 0.85 
 
System respiration rates also showed seasonal variations with -1,606 (+377) and -730 (+387) 
mg C m-2 d-1 at PH during the dry and the wet season, respectively; mean R of -1,104 (+279) 
and -552 (+356) mg C m-2 d-1 at CB during the dry and the wet season respectively.  
Notably, p to r ratios at all stations and locations were below one (< 1) (Table 5.7), indicat ing 
that both canal systems were net heterotrophic, and therefore a source of CO2 and nutrients to 
adjacent estuaries. Mean annual GPP was 216,444 mg C m-2 yr-1 at PH and 121,363 mg C m-2 
yr-1 at CB; while mean annual respiration rate at PH was -426,328 mg C m-2 yr-1 and -302,363 
mg C m-2 yr-1 at CB. 
 
5.3.5 Nutrient Fluxes 
Overall, benthic DO fluxes at both locations showed an uptake from the water column into the 
sediment under both light and dark conditions (Figure 5.10 and Figure 5.11). Not surprisingly, 
there was a higher uptake of oxygen under dark conditions. On the other hand, some of the 
cores subjected to light conditions showed an increase in DO concentrations over time and, 
consequently, some stations showed a net efflux of oxygen from the sediment into the water 
column e.g., stations 6 and 9 at PH during the wet season, and station 9 at CB also during the 
wet season. 
Oxygen fluxes at both locations displayed seasonal variations, with greater uptake occurring 
during the dry season. Mean fluxes during the dry season were -369 (+515) µmol m-2 h-1 at PH 
and -905 (+609) µmol m-2 h-1 at CB for light incubations, and -2,091 (+491) µmol m-2 h-1 at 
PH and -1,437 (+364) µmol m-2 h-1 at CB for dark incubations. Comparatively, mean DO fluxes 
during the wet season were 109 (+1,350) µmol m-2 h-1 at PH and -369 (+1,307) µmol m-2 h-1 at 
CB for light incubations, and -950 (+505) µmol m-2 h-1 at PH and -697 (+481) µmol m-2 h-1 at 
CB for dark incubations. 
Ammonium (NH4+) fluxes observed in core incubations often displayed a release of NH4+ from 
the sediment to the water column under both light and dark incubations (Figure 5.10 and Figure 
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5.11). Ammonium efflux was also higher under dark incubations at both locations. Dry season 
mean NH4+ fluxes for light incubations were 1,469 (+804) µmol m-2 h-1 at PH and 632 (+1,405) 
µmol m-2 h-1 at CB, whereas mean NH4+ fluxes for dark incubations were 3,187 (+2,428) µmol 
m-2 h-1 at PH and 1,251 (+4,638) µmol m-2 h-1 at CB. However, at station 1 CB there was a net 
uptake of NH4+ during both light and dark incubations.  
Mean NH4+ fluxes during the wet season for light incubations were 576 (+305) µmol m-2 h-1 at 
PH and 723 (+609) µmol m-2 h-1 at CB, while mean NH4+ fluxes for dark incubations were 
1,128 (+2,913) µmol m-2 h-1 at PH and 532 (+199) µmol m-2 h-1 at CB. Notably, station 6 at 
PH showed a different trend with a net uptake of NH4+ under dark conditions. 
 
  162 
 
 
Figure 5.10. Benthic fluxes of DO, NOx, NH4+ and PO4-3 at Pacific Harbour during the dry 
and the wet season. Black bars represent measurements made under dark conditions and white 
bars under light conditions. Positive values indicate efflux of nutrients from the sediments to 
the water column, and negative values represent influx of nutrients from the water column into 
the sediments. Fluxes are in µmol per square metre per hour. 
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Figure 5.11. Benthic fluxes of DO, NOx, NH4+ and PO4-3 at Calypso Bay during the dry and 
the wet season. Black bars represent measurements made under dark conditions and white bars 
under light conditions. Positive values indicate efflux of nutrients from the sediments to the 
water column, and negative values represent influx of nutrients from the water column into the 
sediments. Fluxes are in µmol per square metre per hour. 
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Nitrate+nitrite (NOx) fluxes varied between stations and between locations during both seasons 
(Figure 5.10 and Figure 5.11). The general trend was an uptake of NOx from the water column 
during light and dark incubations. Dry season mean NOx fluxes for light incubations were -43 
(+68) µmol m-2 h-1 at PH and -33 (+26) µmol m-2 h-1 at CB; and mean NOx fluxes for dark 
incubations were -13 (+21) µmol m-2 h-1 at PH and -13 (+17) µmol m-2 h-1 at CB.  Mean NOx 
fluxes during the wet season for light incubations were 1 (+38) µmol m-2 h-1 at PH and 62 (+11) 
µmol m-2 h-1 at CB. Mean NOx fluxes for dark incubations were -34 (+20) µmol m-2 h-1 at PH 
and 209 (+64) µmol m-2 h-1 at CB. Uptake of NOx was higher during the wet season, but light 
incubations of station 1 and 6 at PH and all stations of CB showed an efflux of NOx during the 
wet season. 
Benthic phosphate (PO4-3) fluxes under light and dark conditions displayed an efflux from the 
sediment to the water column during both seasons at PH, but only during dry season at CB 
(Figure 5.10 and Figure 5.11). Mean PO4-3 fluxes for light incubations were 8 (+17) µmol m-2 
h-1 at PH and 22 (+17) µmol m-2 h-1 at CB during the dry season; and mean PO4-3 fluxes for 
dark incubations are 12 (+6) µmol m-2 h-1 at PH and 0.44 (+13) µmol m-2 h-1 at CB. Mean PO4-
3 fluxes during the wet season for light incubations were 9 (+43) µmol m-2 h-1 at PH and -9 (+6) 
µmol m-2 h-1 at CB. Mean PO4-3 fluxes for dark incubations were 19 (+1) µmol m-2 h-1 at PH 
and -6 (+3) µmol m-2 h-1 at CB. During the wet season all stations at CB showed an uptake of 
PO4-3 during both light and dark incubations. 
 
5.3.6 Denitrification Rate 
Pacific Harbour total denitrification during both seasons can be driven by the nitrate diffus ing 
from the water column into the sediments, as well as from the nitrate present in the benthos 
and that is coupled to nitrification (Figure 5.12). As expected, there were seasonal differences 
in the denitrification rates, with a higher mean total denitrification rate during the dry season 
of 198 (+301) µmol m-2 h-1, whereas the mean total denitrification rate during the wet season 
was 66 (+64) µmol m-2 h-1. Notably, the highest denitrification rates during the dry season 
occurred in cores from the dead-end of canals (station 1) implying a higher loss of nitrogen as 
N2 in these areas. In contrast, denitrification rates during the wet season were lower at dead-
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end canal locations, with the highest rates occurring at the station located closer to the canal 
mouth (station 9). 
During the dry season, total denitrification at station 1 PH was coupled to sediment 
nitrification, as well as by the nitrate diffusing from the water column into the sediments 
(Figure 5.12). However, during the wet season denitrification coupled to sediment nitrifica t ion 
reached zero, and nitrogen was lost from the system only via denitrification being driven by 
nitrate diffusing from the water column into the sediments.  
Comparatively, station 6 had the lowest denitrification rates of the three stations (Figure 5.12). 
Additionally, during the dry season total denitrification was only driven by the nitrate diffus ing 
from the water column into the sediments. But during the wet season, denitrification was driven 
by the nitrate coming from the coupling of the nitrification process occurring in the benthos.  
On the contrary, station 9 PH differed from inner sites described above since the denitrifica t ion 
process was coupled to nitrification during both seasons (Figure 5.12). However, in this area 
total denitrification was higher during the wet season. 
In contrast with Pacific Harbour, Calypso Bay total denitrification of all three stations was only 
driven by the nitrate coupled to the process nitrification during both seasons (Figure 5.13). 
There were also seasonal differences in the denitrification rates. However, in this case the 
lowest total denitrification occurred during the dry season with a mean of 44 (+57) µmol m-2 
h-1, whereas the mean total denitrification for the wet season was 172 (+113) µmol m-2 h-1. 
Calypso Bay highest denitrification rates during the wet season occurred at the station closer 
to the canal mouth (station 5). Whilst during the dry season the highest denitrification rate 
occurred at the station located at the dead-end (station 1).  
Station 9 showed no denitrification during the dry season (Figure 5.13); however, during wet 
season the denitrification rate was as high as ~146 (+31) µmol m-2 h-1. A similar trend was 
observed at station 5 where total denitrification was also low during the dry season but instead 
it was the highest during the wet season. 
 
  166 
 
 
Figure 5.12. Total denitrification (Dtot), denitrification coupled to nitrification (Dn) and 
denitrification based on nitrate diffusing from the water column (Dw) at Pacific Harbour during 
both seasons. Fluxes are in µmol of nitrogen or phosphorus per square metre per hour. Benthic 
fluxes of DO, NOx, NH4+ and PO4-3 are the same as Figure 5.10; black bars represent 
measurements made under dark conditions and white bars under light conditions.  
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Figure 5.13. Total denitrification (Dtot), denitrification coupled to nitrification (Dn) and 
denitrification based on nitrate diffusing from the water column (Dw) at Calypso Bay and 
Calypso Bay during both seasons. Fluxes are in µmol of nitrogen or phosphorus per square 
metre per hour. Benthic fluxes of DO, NOx, NH4+ and PO4-3 are the same as Figure 5.11; black 
bars represent measurements made under dark conditions and white bars under light conditions.  
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5.4 Discussion 
This chapter addresses objective two of the thesis, which required the measurement of key 
biogeochemical processes such as system respiration, primary production and denitrificat ion. 
This section is divided into 4 sections: (1) discussion of the physico-chemical and biophysica l 
water column features at each station where sediment core samples were taken for the 
incubations; (2) discussion of the benthic characteristics of each station where sediment core 
samples were taken for the incubations; (3) discussion of the pelagic and benthic primary 
production and respiration, as well as the net ecosystem metabolism of the whole canal estate 
system; (4) discussion of the system denitrification rates.  
 
5.4.1 Physico-chemical and Biophysical Features of Canal Estate Waters 
Both canal estates experienced some level of water column stratification as indicated by 
differences between surface and bottom water temperature and salinity. Notably, profiles at 
inner stations showed a decrease in water column DO and an increase in water column Chl-a 
towards the bottom (S1 and 6 at PH, S1 and 9 at CB). This decline in DO levels agrees with 
the highest pelagic primary production and pelagic respiration rates described at inner stations 
(see section 5.4.3). It should also be noted that DO levels showed a decrease in some locations 
where turbidity concomitantly showed an increase (Figure 5.8). As discussed later, this 
highlights the importance of mineralisation processes in the water column in influenc ing 
nutrient and oxygen budgets for the system as a whole. 
Also, all three stations displayed a longitudinal zonation of physico-chemical and biophysica l 
conditions, similar to what was discussed in Chapter 4. For example, the highest Chl-a 
concentration was found at inner stations of both canal estates, which is in agreement with the 
sediment OC and phaeopigment concentrations described for inner stations in section 5.4.2. 
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5.4.2 Benthic Characteristics 
This section examines the benthic characteristics of sediments collected in each canal system. 
It includes sediment nutrient content (C, N and P) and benthic chlorophyll-a and phaeopigment 
content. 
 
Sediment Nutrient Determination 
Organic carbon (OC) concentrations in sediments of both canal estates were higher than those 
described for Deception Bay (Ferguson & Eyre 2010; Hanington et al. 2016), located south of 
Pumicestone Estuary. However, OC concentrations of both canals were lower than those 
described for Pimpama Estuary (Eyre et al. 2011). Total organic carbon values described here 
were within the range described for Australian estuaries and can be compared to those found 
in eutrophic Australian estuaries impacted by anthropogenic inputs such as from sewage 
treatment plant discharge and nutrient runoff (Heggie et al. 1999). 
In accordance with previous studies (Cosser 1989; Morton 1989; Maxted et al. 1997; Morton 
1992), the highest percentage of total organic carbon (TOC) was found at stations that are 
further away from the canal mouth. Low water velocity and low tidal flushing occurring at the 
dead-end canals, as well as stormwater inputs, increase silt and clay deposition at inner-most 
sites causing high organic content in sediments (Kellogg et al. 2012). This deposition of silt 
and clay observed at inner stations agrees with Kellogg et al.’s study (2012), which shows 
stormwater drain siltation patterns at the north-eastern section of Pacific Harbour, where station 
1 is located.  
Sediment TOC content also showed seasonal variations at both locations. In subtropical 
estuaries, organic matter deposition is influenced by hydrodynamic processes such as 
freshwater inflow (Alongi 1998). Increased rainfall and stormwater loads occurring during the 
wet season favour the organic material deposition, and as a result, the highest sediment OC 
were expected during the wet season. Conversely, highest TOC content at PH occurred during 
the dry season. This can be explained because during the wet season freshwater inputs were 
higher, increasing water velocity (Hopkinson & Smith 2005), favouring the movement of OM 
out of the canal. On the contrary, during the dry season the freshwater discharge was reduced 
and the deposition of fine material at inner stations was facilitated.  
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Calypso Bay showed a different trend, with the highest TOC content occurring during the wet 
season. This can be explained because CB canal was deeper compared to PH, and thus the 
freshwater inputs (stormwater, freshwater, and runoff) occurring during the wet season 
favoured the accumulation of OM in the benthos (Alongi 1998; Ferguson & Eyre 2010; 
Hopkinson & Smith 2005). The intricate shape of CB canal probably decreased the water 
velocity favouring the deposition of fine material during the rainy season. 
Station 9 at CB, located in the central area of the canal showed the lowest TOC, TN and TP 
concentrations. Field observations done at station 9 (CB) indicate that the sediment in this area 
was rich in sand. This can be explained because this area experienced increases flushing rates, 
which impedes deposition of organic-rich sediments. 
According to Dennison and Abal (1999), the decomposition suffered by the organic matter 
(OM) at Moreton Bay implies a quicker loss of nitrogen and phosphorous relative to carbon, 
with a subsequent ratio of the plankton detritus reaching the sediment of C:N = 6.5. 
Mineralization processes happening in the sediments will continue diminishing detritus content 
of organic nitrogen causing C to N ratio (C:N) to be above 10, while relatively fresh, non-
mineralized OM will have a low C to N ratio (Smith et al. 2010). 
C to N ratios of both canal estates during the dry season (Figure 5.9) suggest that most of OM 
available in the sediment came from autochthonous sources and therefore, was more labile or 
more easily degraded by the benthic community (Dennison & Abal 1999; Jørgensen 1996). 
However, during the wet season C:N ratios of inner stations were >10 suggesting that most of 
OM available in the sediment comes from allochthonous sources and therefore, was more 
refractory or less easily degraded by the benthic community (Dennison & Abal 1999; Jørgensen 
1996). Notably, C:N ratios of station 9 at Pacific Harbour (PH) and station 1 at Calypso Bay 
(CB) remained close to the Redfield ratio during both seasons (Figure 5.9). 
N to P ratios at PH below 16:1 (Figure 5.9) agree with that described throughout Moreton Bay 
and suggests a limitation of sediment biomass by nitrogen (Dennison & Abal 1999; Glibert et 
al. 2006), other Australian estuaries (McKee et al. 2000), and other coastal systems in general 
(Smith 1984). According to Heggie et al. (1999), the loss of sediment N relative to P suggests 
the loss of N from the sediment through denitrification, a process in which the nitrate derived 
from the mineralization of OM is transformed and released as gaseous nitrogen (N2) under 
anoxic conditions (Enoksson 1987; Jørgensen 1996; Smith et al. 2010). Denitrification rates 
described for both canal estates (Figure 5.12 and Figure 5.13) agree with this.  
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Stations 1 and 5 N to P ratios at CB were also below 16:1 during the dry season, but during the 
wet season N:P are >16, suggesting that there was more TN relative to TP. This increase in TN 
in the sediment can be related to the increase in nitrification coupled to denitrification observed 
in these stations during the wet season (Figure 5.13). 
C to P ratios at PH during the dry season showed that there was more P relative to C in the 
sediments, which agrees with the P efflux described in Chapter 5 (Figure 5.10), and suggest 
that canal estate sediments have the potential to release P generated by the degradation of OM 
(Dennison & Abal 1999). During the wet season, C:P ratios at CB were >106 suggesting that 
there is more OC available relative to P in the sediment. The concentrations of P in sediments 
can be explained due to interactions with Fe minerals, which trap P in the sediments during 
oxic conditions (Heggie et al. 1999). Phosphorus present in sediments can be reutilised by 
benthic microalgae, or it binds to iron and manganese minerals (Dijkstra 2017; Dijkstra et al. 
2018). As shown by benthic P fluxes described in section 5.4.5, after rain events oxygen levels 
of bottom water reached hypoxic conditions favouring the releases of P from the sediments 
into the water column (DiDonato et al. 2006; Dijkstra 2017; Hanington et al. 2016; Viktorsson 
et al. 2012). 
 
Benthic Microalgae and Phaeopigments 
Benthic microalgae (BMA) have been previously recorded in subtidal sediments of Patterson 
Lake canal estate, located in Victoria, Australia (Cook et al. 2007). Cook’s study showed that 
the canal estate sediment microalgae biomass and productivity is considerably lower compared 
to that of Ralphs Bay, Tasmania, and that BMA found in the canal bottom was 
photosynthetically inactive. In contrast, our data showed active BMA but low concentrations 
compared to what has been described for the wider Moreton Bay (Dennison & Abal 1999), and 
compared to other estuaries in Europe and North America (Barranguet et al. 1997; Grippo et 
al. 2010; Underwood & Kromkamp 1999).  
Sediment Chl-a content measured in the study canals were within the lower range of Australian 
subtropical estuaries (Eyre & Ferguson 2006; Ferguson et al. 2003; Lukatelich & McComb 
1986). Also, Pacific Harbour BMA sediment Chl-a content was in the low range for the 
adjacent estuary, Pumicestone Passage (40-60 Chl-a mg m-2, Dennison & Abal 1999). This low 
BMA content of agrees with the low benthic primary production rates discussed in Chapter 5. 
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On the contrary, BMA sediment content at CB was in the high range of the values described 
for the Pimpama Estuary (Eyre et al. 2011), suggesting an environment supportive of BMA 
development and a potentially greater role for BMA in the nutrient dynamics of this canal 
system.  
Low BMA biomass has been related to it being easily resuspended and also to a lack of 
nutrients (Underwood & Kromkamp 1999). The intricate shape characteristic of residentia l 
canal estates decreases the possibility of sediment resuspension such that physical movement 
of the BMA by currents is not highly likely. Low BMA biomass has also been related to nutrient 
limitation (Grippo et al. 2010). However, estuaries with fine sediments rich in organic matter 
typically have high mineralization rates and are therefore not nutrient limited (MacIntyre et al. 
1996; Underwood & Kromkamp 1999). Sediment analysis in both canal estates showed high 
levels of organic carbon but low nitrogen levels, suggesting that BMA biomass in these canal 
estates may be limited by sediment nitrogen availability. 
Limited BMA photosynthesis has also been related to a lack of carbon dioxide (Underwood & 
Kromkamp 1999). In this case, this is unlikely due to the high CO2 values previously described 
for Australian canal estates (Macklin et al. 2014) and due to high pelagic and benthic respiration 
rates observed here. 
Another cause for low BMA has been related to the lack of sufficient light reaching the 
sediments (Lukatelich & McComb 1986; MacIntyre et al. 1996). In turbid estuaries light 
penetration is decreased resulting in light limitation on the benthos (Underwood et al. 1998; 
Underwood & Kromkamp 1999). In general, light extinction coefficients were higher at inner 
stations and the percentage of light reaching the sediment during the core sampling was less 
than nine percent (Table 5.3). Light extinction coefficients found in these canals agree with 
those found in Moreton Bay (Dennison & Abal 1999) and the Pimpama Estuary (Eyre et al. 
2011), such that these can be categorized as turbid water bodies (Koenings & Edmundson 
1991). 
Generally, during the wet season there was an increase in light attenuation and the percentage 
of light reaching the benthos fell below 1 percent probably due to the heavy cloud cover and 
particulate (Scott 1978). Despite this, the highest content of BMA occurred during the rainy 
season, suggesting that, although light can be limiting, there was sufficient light and nutrients 
to support BMA production.  
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In comparison, and as shown by the Chl-a to Phaeopigment ratios, most of the 
photosynthetically active material found in the sediment reflected a dominance of degraded 
phytoplanktonic products that had settled down from the water column. High phaeopigment 
concentrations in sediments have been related to water column phytoplankton biomass in other 
studies illustrating its role in supplying benthic metabolism (Grippo et al. 2010). As shown by 
the water profiles, Chl-a concentrations were the highest at inner stations, verifying the higher 
contribution of phytoplankton to the systems nutrient dynamics and processes. 
Similarly, seasonal variations showed that the highest phaeopigment concentration occurred 
during the wet season. This is in accordance with the peak of water column Chl-a observed 
after the rain event that occurred during the rainy season in 2015 and again reflects the role of 
phytoplankton in supplying benthic metabolism. Thus, during the rainy season there was more 
photosynthetic active material that was being degraded by the pelagic and benthic microbia l 
communities. 
 
5.4.3 Pelagic vs Benthic Primary Production and Respiration 
The estimated pelagic gross primary production rates were within the range previous ly 
described for other estuaries around the world (Alongi 1998; Cole & Cloern 1984; Hopkinson 
& Smith 2005; Lalli & Parsons 1997; Lohrenz et al. 1999; Smith & Demaster 1996; 
Underwood & Kromkamp 1999) (Table 5.8). However, Pacific Harbour rates were at the 
higher end of the range when compared to adjacent sandy environments such as Deception Bay 
(Ferguson & Eyre 2010; Hanington 2014). Meanwhile, Calypso Bay pelagic GPP rates were 
lower than those described for the adjacent Pimpama Estuary (Eyre et al. 2011) (Table 5.8). 
 
Table 5.8. Comparative table with pelagic and benthic gross primary production (GPP) and 
respiration rates (R) for both canal estates and different estuarine environments. Rates are in g 
C m-2 y-1. 
Location 
Pelagic Benthic 
Reference 
GPP R GPP R 
Pacific Harbour 305 -460 201 -282 This study 
Calypso Bay 140 -377 117 -161 This study 
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Deception Bay 340 mg C m-2 
d-1 
-75 mg C m-2 d-
1 
40 mg C m-2 d-1 -271 mg C m-2 
d-1 
Ferguson and 
Eyre 2010 
Pimpama 
Estuary 
  6534-6502 
µmol O2 m-2 h-1 
225-10,539 
µmol C m-2 h-1 
Eyre et al. 2011 
Clear estuaries 530  - - - Cole and 
Cloern 1984 
Turbid 
estuaries 
6.8 - - - Cole and 
Cloern 1984 
San Fco Bay, 
USA 
93-150 -49-250 - - Cole and 
Cloern 1984 
Amzone river 
plume 
0.81-2.61 - - - Smith and 
Demaster 1996 
Mississippi 
river plume 
>10 - - - Lohrenz et al. 
1999 
Oosyrtschelde 
estuary, 
Netherlands 
223-540 - 105-210 - Underwood and 
Kromkamp 
1999 
Ems-Dollard 
estuary, 
Netherlands 
- - 69-314 - Underwood and 
Kromkamp 
1999 
Tomales bay, 
USA 
60-810 - - - Underwood and 
Kromkamp 
1999 
Chesapeake 
bay, USA 
337-782 - - - Underwood and 
Kromkamp 
1999 
Delaware 
estuary, USA 
200-344 - - - Underwood and 
Kromkamp 
1999 
Langebaan 
lagoon, South 
Africa 
- - 63-253 - Underwood and 
Kromkamp 
1999 
False Bay, USA - - 143-226 - Underwood and 
Kromkamp 
1999 
North inlet, 
USA 
- - 56-234 - Underwood and 
Kromkamp 
1999 
 
Comparatively, benthic gross primary production rates described here were lower than those 
described for adjacent estuaries (e.g. Eyre et al. 2011) (Table 5.8). Consequently, pelagic to 
benthic GPP ratios indicate that the water column accounts for most of the system primary 
production, and benthic productivity was not a major contributor to the system production. As 
mentioned before, environmental factors influencing estuarine primary productivity include : 
water mixing, temperature, light and nutrient availability (Alongi 1998). 
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In shallow estuarine systems in which light attenuation is low, benthic primary production can 
be an important component of the total system production (Caffrey et al. 2014; Underwood & 
Kromkamp 1999). However, in non-vegetated shallow areas of Moreton Bay, benthic 
productivity is decreased due to water column turbidity and consequent light reduction 
(Ferguson & Eyre 2010). Long flushing time and nutrient availability found in canal estates 
enhance pelagic productivity and water turbidity, in turn decreasing light penetration. This is 
in agreement with what has been described for some non-vegetated areas of Moreton Bay (Eyre 
& McKee 2002) and suggests a strong coupling between water column and benthic respiration 
(Ferguson & Eyre 2010). 
Station 6 at PH showed a different trend in the pelagic to benthic GPP ratio, which was just 
below one during the wet season (Table 5.6). Both pelagic and benthic primary production 
suffered a decrease relative to the dry season, which is probably explained by the decrease in 
light availability (see Figure 5.6). This decrease can be explained because during the rainy 
season, rainfall and stormwater inputs were increased (Kellogg et al. 2012), which in turn 
decreases light availability.  
A similar situation was observed at CB station 9 where pelagic to benthic productivity ratio 
was below one during both seasons (Table 5.6), indicating that benthic productivity was 
slightly higher compared to the water column productivity. This could be explained because 
this station had a higher water exchange (Figure 6.15 and Figure 6.16), which decreased the 
organic matter input and at the same time increased light availability for BMA to 
photosynthesise (Lohrenz et al. 1999). 
Our data showed seasonal variations in pelagic and benthic primary production, with the 
highest rates occurring during the wet season. This is typical for subtropical estuaries because 
during the wet season temperature, water mixing and nutrient availability are the highest 
(Alongi 1998). It is usual that at the beginning of the wet season nutrients can be depleted, 
although light and temperature are optimal. After the rain events nutrient concentratio ns 
increase and, consequently, there is a peak in phytoplankton production. 
Correlation analysis reveal that both canal estate pelagic primary production rates were not 
related to temperature, but instead were weakly correlated to dissolved inorganic phosphorus 
(DIP) (Figure 5.14). This suggests that even though light and water temperature were optimal 
during the wet season, pelagic GPP decreased when the concentration of dissolved inorganic 
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phosphorus (DIP) decreases, which is in agreement with what has been described for Moreton 
Bay (Wulff et al. 2011). 
 
 
Figure 5.14. Correlation (R2) between pelagic and benthic primary production, and dissolved 
inorganic phosphate (DIP) at both canal estates. 
 
Because pelagic gross primary production peaked during the wet season, it was expected that 
the highest pelagic respiration rates occur during the wet season, as well (Eyre et al. 2011). 
However, in this case the data showed that the highest pelagic respiration occurs during the dry 
season. Decreased flushing rates occurring during the dry season at both canal estates (see 
Chapter 6, Figure 6.11 to Figure 6.16) may enhance the amount of material available in the 
water column to be degraded and thus enhance pelagic respiration rates (Hopkinson & Smith 
2005). 
Benthic respiration rates described here are much higher than those described for Moreton Bay 
(Table 5.8) (Eyre et al. 2011; Ferguson & Eyre 2010; Hanington et al. 2016). But again, they 
were in the range showed by other estuarine systems (e.g. Gulf of Mexico, Caffrey et al. 2014). 
Benthic GPP was higher during the wet season and thus benthic respiration rates were expected 
to be higher during the wet season, as well (Eyre et al. 2011). However, the highest benthic 
respiration rates occurred during the dry season. It has been suggested that benthic respiration 
rates were strongly correlated to the amount and quality of organic carbon load received by a 
system (Hopkinson & Smith 2005). However, benthic respiration rates of both canals were not 
correlated to sediment OC content. Enhanced flushing rates occurring during the wet season 
(see Chapter 6, Figure 6.11 to Figure 6.16) may decrease the amount of organic material 
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reaching the sediment and consequently, benthic respiration rates are decreased (Hopkinson & 
Smith 2005). Another factor influencing the variations in benthic primary production and 
respiration rates is the preference that different groups of microorganism have by nutrients such 
as ammonium and nitrate (Underwood & Kromkamp 1999). Nutrient fluxes described in 
section 5.4.5 show that there is competition for ammonium between BMA and nitrifiers. 
Pelagic and benthic respiration rates also showed spatial variations with the highest pelagic R 
rates occurring at inner stations, while the lowest benthic respirations rates occurred at inner 
stations. This suggests that most of the organic matter was being degraded by microorganisms 
in the water column, which was consistent with the decrease of water column DO shown by 
the water profiles (See Chapter 4). 
 
5.4.4 System Primary Production and Respiration 
Gross primary production (GPP) levels described for both systems were within the lower range 
described for other estuaries (Table 5.9) (Borges & Abril 2011; Eyre et al. 2011; Harding et al. 
1999; Hopkinson & Smith 2005). Similarly, the whole system respiration rates (R) were within 
the range described for other estuaries (Table 5.9). Subtropical coastal systems generally 
showed a peak of primary productivity and thus a correlated peak of respiration during the wet 
season, when there was an increase in rainfall, groundwater and stormwater supply (Eyre & 
Ferguson 2005). This is contrary to the results of this study, with the highest GPP and R rates 
happening during the dry season. However, the highest concentrations of ammonium and 
phosphate occurred during the dry season (see Chapter 4, section 4.3.1.4 and 4.4.1.4), which 
could favour the system primary production and thus respiration rates. Also, low water 
exchange rates observed in both canal estates during the dry season (see Chapter 6, Figure 6.11 
to Figure 6.16) may cause an increase in primary production and respiration rates (Hopkinson 
& Smith 2005). By comparison, increased fresh water inputs occurring during the wet season 
and higher winds favour canal water exchange with the adjacent estuary, causing a decrease in 
canal respiration rates. 
 
Table 5.9. Comparative table with system gross primary production (GPP) and respiration rates 
(R) for both canal estates and different estuarine environments. Rates are in g C m-2 y-1. 
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Locations GPP R Reference 
Pacific Harbour 216 -426 This study 
Calypso Bay 121 -302 This study 
Southern Moreton 
Bay, Australia 
20-29 mol C m-2 y-1 -24-27 mol C m-2 y-1 Eyre et al. 2011 
Moreton Bay, 
Australia 
22 mol C m-2 y-1 -24  mol C m-2 y-1 Eyre et al. 2011 
Deception Bay, 
Australia 
(unvegetated 
sediment) 
112 to 399 mg C  m-
2 d-1 
-53 to -350 mg C  m-
2 d-1 
Hanington et al. 
2014 
Chesapeake Bay, 
USA 
77-101 mol C m-2 y-
1 
-53-140 mol C m-2 
y-1 
Borges and Abril 
2011 
Delaware Bay, USA 107-127 mol C m-2 
y-1 
-125-158 mol C m-2 
y-1 
Borges and Abril 
2011 
Nordavannet Fjord, 
Norway 
15.8 mol C m-2 y-1 -14.5 mol C m-2 y-1 Borges and Abril 
2011 
San Francisco Bay, 
USA 
10-15.8 mol C m-2 y-
1 
-17-33 mol C m-2 y-1 Borges and Abril 
2011 
 
Respiration rates of both systems showed spatial variations, with the highest values found at 
inner stations. Inner stations showed the lowest flushing times, which can enhance primary 
production and thus increase respiration rates (Underwood & Kromkamp 1999).  
Both benthic and pelagic p to r ratios were below one (< 1) suggesting that water column and 
sediments were highly net heterotrophic at most stations. However, PH station 9 and CB 
stations 1 and 5 showed a seasonal change, with water column being net autotrophic (p to r >1) 
during the wet season. This can be explained by the increase in water column productivity and 
also a decrease in water column respiration rates observed during the wet season at these 
stations. 
Similarly, station 9 at PH and station 6 at CB had benthic p to r ratios above 1 during the wet 
season, indicating that oxygen produced during daytime by benthic primary producers was 
above the daily respiration rate. This benthic shift towards autotrophy during the wet season at 
these stations is supported by the high content of BMA biomass, and agrees with the highest 
benthic gross primary production rates measured at the respective sites. 
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The system p to r ratios show a similar trend, with most of the sampling locations being net 
heterotrophic, and thus indicating that the oxygen produced during daytime by primary 
producers is below the daily respiration rate of the whole system. Nonetheless, station 9 at PH 
and station 9 at CB show a seasonal shift from being net heterotrophic during the dry season to 
net autotrophy during the wet season. 
Other estuaries show similar results with net ecosystem heterotrophy (Table 5.10) (e.g. Caffrey 
et al. 2014; Kemp et al. 1997). However, the whole Moreton Bay where these canals sit is net 
autotrophic, but has estuarine areas that display a seasonal trend towards net heterotrophy, 
especially during rain events when organic carbon loads increase (Eyre et al. 2011; Ferguson 
& Eyre 2010; Hanington 2016). Our data show that most areas within these artificial waterways 
remain net heterotrophic throughout the year. But notably, some areas show a seasonal shift, 
with p to r rations changing from net heterotrophy during the dry season to net autotrophy 
during the wet season. 
 
Table 5.10. Comparison of mean (+standard deviation) net ecosystem metabolism (NEM) 
estimates for both canal estates and different estuarine environments. 
Locations NEM References 
Pacific Harbour -0.7 (+0.68) This study 
Calypso Bay -0.55 (+0.42) This study 
Southern Moreton 
Bay 
-4 to +2 Eyre et al. 2011 
Moreton Bay +2 Eyre et al. 2011; 
Ferguson and Eyre 
2010 
Chesapeake Bay, 
USA 
-87 to +92 Kemp et al. 1997 
 
Net ecosystem metabolism at PH was positively correlated to NOx at PH (Figure 5.15.), hence 
a decrease in NOx efflux from the sediment means NEM values were closer to heterotrophy. 
Similarly, net ecosystem metabolism at CB was correlated to phosphate fluxes, suggesting that 
NEM values were closer to heterotrophy when phosphate efflux was decreased (Figure 5.15). 
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A shift in p to r ratios towards heterotrophy can occur when benthic gross primary production 
is reduced, with low water exchange and increased organic matter deposition (Hopkinson & 
Smith 2004). The quality of organic matter (allochthonous or autochthonous), sediment organic 
content and chlorophyll sediment content can influence the system GPP and thus, influence p 
to r ratios towards heterotrophy (Hopkinson & Smith 2005). For example, increased organic 
matter inputs of allochthonous sources lead to the degradation and release of less inorganic 
nutrients, and consequently the recycling of these inorganic nutrients by primary producers will 
also be reduced, leading to a net heterotrophy (Hopkinson & Smith 2005). Consequently, the 
discharge of stormwater, rich in terrestrial materials as well as, groundwater may contribute to 
the net heterotrophy of these artificial canals. 
Net heterotrophy implies that both canal estates were oversaturated in CO2 with respect to the 
atmosphere, and they were thus sources of CO2 to the atmosphere. Interestingly, increased 
release of CO2 to the atmosphere has been recently recorded in canal estates from the Gold 
Coast, Australia (Macklin et al. 2014), suggesting that this may be a feature of these canal 
systems generally. Mean annual respiration rates estimated for PH and CB were in the higher 
range of those described for the Gold Coast canal estates (Macklin et al. 2014), and so these 
canals are likely to have high CO2 evasion to the atmosphere. 
 
 
Figure 5.15. Correlation (R2) between the system net ecosystem metabolism (NEM) and and 
dissolved nutrient fluxes (NOx and PO4-3). 
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5.4.5 Nutrient Fluxes 
Dissolved oxygen fluxes reveal that there was a net oxygen uptake from the water column to 
the sediments during both day and night time (Figure 5.10 and Figure 5.11). The decrease in 
water column DO concentration agrees with what has been described for muddy areas in 
western Moreton Bay (Dennison & Abal 1999). Reduction in water DO can affect benthic 
nutrient fluxes causing a release of nutrients to the water column (Dennison & Abal 1999). 
Nonetheless, there were a few stations that showed a release of oxygen from the sediment into 
the water column, revealing the importance of BMA. This is the case of station 6 and 9 at PH, 
and station 9 at CB, which showed the highest content of sediment Chl-a and an efflux of 
oxygen during day time. 
Overall, there was a net release of ammonium and phosphate by sediments to the water column 
(Figure 5.16). This reflects the presence of ammonium and phosphate as end degradation 
products of the OM in the water column and sediment (Jørgensen 1996; King 2005). It is widely 
understood that water column and sediment microorganisms use oxygen as the primary 
electron acceptor to degrade OM and it has previously been shown in muddy areas of Moreton 
bay that benthic sediments support oxidative mineralisation processes (Dennison & Abal 
1999). Ammonium and phosphate release observed in the artificial waterways studied here 
respond to the decline in DO concentrations, which is consistent with the high respiration rates 
described in the previous section. Low flushing rates and high phytoplankton biomass typical 
of inner stations are also consistent with the delivery of elevated OC and a correspondingly 
high oxygen consumption. 
Ammonium efflux rates observed in this study was higher than those described for Moreton 
Bay (Table 5.11) (Dennison & Abal 1999). Ammonium released to the overlying water during 
OM mineralisation can be reused by the phytoplankton and BMA communities to carry out 
primary production during daytime (refer to Figure 5.16) (Enoksson 1987; Herbert 1999; 
Jørgensen 1996;). However, during night time there is an absence of photosynthesis, and thus 
ammonium is not recycled. This is reflected in our data by the increase in ammonium efflux 
under dark incubations. 
 
  182 
 
Table 5.11. Comparative table with benthic dissolved oxygen (DO) fluxes, nitrate+nitr ite 
(NOx) fluxes, ammonium (NH4+) fluxes, and phosphate (PO4-3) fluxes for both canal estates and 
different estuarine environments. Rates are in mg m-2 d-1. 
Locations DO Fluxes NOx Fluxes NH4
+ 
Fluxes 
PO4-3 
Fluxes Reference 
Pacific Harbour -421 (+1081) -33 (+28) 
+443 
(+831) +28 (+35) This study 
Calypso Bay -533 (+899) +83 (+132) +339 (+830) +4 (+27) This study 
Moreton Bay, 
Australia 
(sewage 
impacted area) 
-1,190 +34 +35 +18 Dennison & Abal 1999 
Moreton Bay, 
Australia 
(mixed sand 
and mud) 
-811 +1.4 +0.9 +2.2 Dennison & Abal 1999 
Bedford Basin, 
Nova Scotia 
-43.7 +15.1 
µmol O2 m-
2 d-1 
+4.27 +1.5 
µmol N m-2 
d-1 
- 
0.32 +0.17 
µmol P m-2 
d-1 
Burt et al. 2013 
Bremer River, 
South East 
Queensland, 
Australia 
- -225 µmol N m-2 h-1 
-52 µmol 
N m-2 h-1 - 
Cook et al. 
2004 
Brunswick 
Estuary, NSW, 
Australia 
1,318-4,879 
µmol O2 m-
2 h-1 
-130 to -64 
µmol N m-2 
h-1 
-33 to 164 
µmol N m-
2 h-1 
- Eyre & Ferguson 2005 
 
Ammonium that is not recycled by primary producers can be oxidized to nitrite and 
subsequently, transformed into nitrate (see Figure 5.16) (Jørgensen 1996; King 2005). 
Oxidation of ammonium takes place in the thin oxic layer of the sediments (Herbert 1999; 
Mohammed 1998), and thus this process is highly sensitive to variations in sediment O2 
concentration and eutrophication (Enoksson 1987). 
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Figure 5.16. Diagram showing the different metabolic processes and nutrient fluxes involved 
in organic matter degradation in coastal ecosystems. BMA refers to benthic microalgae and 
Chl-a refers to phytoplankton. Modified from Jørgensen (1996). 
 
During the dry season, station 1 at PH showed a decrease in ammonium efflux consistent with 
the activity of BMA taking up ammonium. Additionally, there is a release of NOx during 
daytime suggesting the occurrence of nitrification. In comparison, during night time the release 
of ammonium increases and NOx is no longer produced but taken up by the sediments, 
suggesting a decrease in nitrification. During the wet season, the efflux of ammonium 
decreased during both day and night time suggesting competition between BMA and nitrifie rs 
for ammonium. NOx fluxes showed the occurrence of nitrification during daytime and 
denitrification during night time. 
Similarly, station 6 at PH during the dry season displayed a decrease in ammonium efflux 
during day time but a considerable increase during night time. This suggests BMA activity 
during day time but not during night time. Additionally, there was an uptake of NOx both 
during day and night time suggesting that there was no net nitrification, and that NOx must be 
being used in denitrification. During the wet season, ammonium and NOx efflux suggests a 
competition between BMA and nitrifiers for ammonium and thus nitrification was occurring 
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but at a lower rate. However, during night time NOx uptake increased suggesting an increase 
in sediment nitrification and potential for denitrification coupled to nitrification to occur. 
Comparatively, station 9 at PH during the dry season showed ammonium efflux and NOx 
uptake under light conditions suggesting BMA activity outcompeting nitrifiers and a potential 
decrease in nitrification. Nonetheless, during night time nitrification occurred and there was 
potential for denitrification to occur too. The increase in BMA activity during day time was in 
agreement with the DO efflux described at this station under light conditions. A similar trend 
was observed during the wet season when BMA consumption of ammonium impedes the 
occurrence of nitrification during day time. However, during night time nitrification and 
potentially denitrification were occurring. 
Calypso Bay nutrient fluxes, show an uptake of ammonium and NOx at station 1 during the 
dry season which are enhanced during day time, suggesting competition between BMA and 
nitrifiers for ammonium. The negative flux of NOx during night time also suggests the potential 
for denitrification. On the contrary, during the wet season there is a release of ammonium and 
NOx from the sediments suggesting the activity of BMA as well as nitrifiers. Moreover, 
production of NOx is enhanced during night time allowing for higher rates of denitrification at 
this location. 
Station 9 at CB during the dry season shows a release of ammonium under both light and dark 
conditions, but a lower rate during day time, suggesting BMA uptake. Positive DO fluxes 
suggest that during the wet season there was also BMA activity, and thus the potential for 
ammonium uptake. Similar to station 1, during the wet season there was release of NOx 
suggesting potential for high rates of nitrification and thus denitrification. 
Nutrient fluxes during the dry season at station 5 (CB) also showed evidence of BMA uptake 
of ammonium during daytime. But during night time only nitrification and potentially 
denitrification occurred. This changed during the wet season when ammonium efflux decreased 
and NOx efflux increased suggesting a greater activity of nitrifiers and potential for high 
denitrification rates. 
Ammonium fluxes described here suggest that there was a high load of OM to the sediments 
and consequently, a high consumption of DO during mineralization (Enoksson 1987; Herbert 
1999; Jørgensen 1996; Sloth et al. 1995). This increased consumption of DO, reduced the 
nitrification rate, and ammonium was directly released from the sediment into the water 
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column. Mean ammonium effluxes were higher than those described for other Australian 
estuaries (Heggie et al. 1999), and suggest that these canal estates may be potential sources of 
NH4+ into their surrounding environments. 
Since nitrification determines the availability of nitrate for denitrification as well as it 
determines the rate at which denitrification occurs, both processes are strongly linked (Figure 
5.16) (Jenkins & Kemp 1984; Nishio et al. 1983). The uptake of NOx from the water column 
into the sediments observed in most of incubations suggests that nitrate is being removed from 
the system as N2 in the process of denitrification. Nitrification is an oxygen dependent process 
and as shown by Dennison and Abal (1999), in muddy sediments of Moreton Bay the reduction 
of DO causes a decrease in the nitrification and thus, also in the denitrification process. The 
further release of ammonium and the non-release of NOx agrees with this. But it is also shown 
here that sometimes BMA activity outcompetes denitrifers and consequently, nitrification is 
decreased due to a limitation in ammonium supply.  
As a consequence, it can be concluded that less nitrogen was being removed from the 
ecosystem as N2, and in some cases ammonium was directly released into the water column 
(Enoksson 1987; Herbert 1999; Jørgensen 1996; Sloth et al. 1995). Results also showed that 
these artificial waterways were similar to the muddy sediments located in the western areas of 
Moreton Bay, which have high inputs of OM (Dennison & Abal 1999; Wolanski 2013). 
As shown by Figure 5.16, another end product of OM mineralisation or product of marine 
organism excretion is phosphate (PO4-3). Phosphorus is deposited on marine sediments bound 
in fresh plankton material, detritus and anthropogenic inputs (e.g. sewage, agricultural runoff) 
(Jørgensen 1996). There, it is mineralized and its end products (e.g. phosphate) are released to 
the pore water, where bioavailable dissolved inorganic phosphorus is reutilised by microbia l 
communities, and refractory phosphorus binds to oxidised phases of iron (Fe[III]) and 
manganese (Mn[IV]) that are found in the oxidised zone of the sediments (Dijkstra 2017; 
Dijkstra et al. 2018; Jørgensen 1996).  
Overall a release of phosphate from the sediment into the water column was observed in most 
stations and seasons (Figure 5.10 and Figure 5.11). However, phosphate uptake observed at 
some stations during light incubations (e.g. station 9 PH dry season, station 1 PH wet season) 
can be explained by the activity of benthic microalgae (Nunnally et al. 2013). Phosphate efflux 
values described here were within the rage described for Australian estuaries (Table 5.11) 
(Heggie et al. 1999).  
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In sulphate rich sediments, the release of phosphate from the sediments was controlled by iron 
availability and the sulphate concentration (Heggie et al. 1999). We did not measure sediment 
iron concentration but the dredging of low-lying areas for the construction of canal estates is 
known to have resulted in acid sulphate soils (ASS), which contain iron sulphide minerals (Ljug 
et al. 2010; Reilley & Phillips 1998). Consequently, the existence of sulphate in these canal 
estates sediments is one of the factors that could be favouring the release of phosphate to the 
water column. 
Another factor controlling the release of phosphate between the sediment and the water column 
is the sediment DO content and sediment redox conditions. It has been shown that there is an 
efflux of PO4-3 from the sediment to the water column when DO levels reach hypoxic or anoxic 
conditions (DiDonato et al. 2006; Hanington et al. 2016; Nunnally et al. 2013; Viktorsson et 
al. 2012). Under oxic conditions, iron oxide traps PO4-3 present in the interstitial porewater 
preventing its release into the water column (Ruttenberg 2003). However, when bottom waters 
reach anoxic conditions, the iron oxides are reduced due to the formation of FeS by 
precipitating with sulphide. As a consequence of the decrease in iron oxides, PO4-3 is released 
into the water column (Ruttenberg 2003). As previously mentioned, canal estate water column 
stratification observed after high freshwater inputs shifted towards hypoxic conditions in 
bottom waters. Our results showed the highest PO4-3 fluxes (station 1 at PH and station 6 at 
CB) when dissolved oxygen concentrations became hypoxic (below 3 mg L-1), suggesting that 
both canal estates are potential sources of PO4-3 to the surrounding environments. 
Worldwide, groundwater dissolved nutrients load inputs have been increasingly recognised as 
important in coastal systems (Porubsky et al. 2014; Szymczcha & Pempkowiak 2016; Welti et 
al. 2015). Groundwater discharge can also be an important contributor of dissolved nutrients, 
such as nitrite, nitrate and phosphate (Rodellas et al. 2015; Smith & Cave 2012; Tovar-Sanchez 
et al. 2014) to coastal ecosystems, especially after rain events and floods (Santos et al. 2013; 
Smith & Cave 2012). Contribution of groundwater to Moreton Bay coastal systems has been 
shown to be relevant when considering nutrient inputs and nutrient cycling (Makings et al. 
2014; Stewart et al. 2015; Welti et al. 2015). Likewise, Macklin et al. (2014) showed the 
importance of groundwater contribution to canal estates carbon fluxes. According to this study, 
groundwater exchange occurring in canal estates contributes to CO2 oversaturated waters. 
However, because our nutrient flux measurements were made in core incubations we cannot 
account for groundwater inputs of dissolved nutrients. 
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5.4.6 Denitrification Rates 
Denitrification process is known to be important in coastal systems due to its capacity to 
remove bioactive nitrogen from eutrophic systems (Deng et al. 2015). Canal estates are known 
to receive high inputs of dissolved nutrients from stormwater and runoff (Maxted et al. 1997; 
Morton 1989). Thus the loss of nitrogen as N2 from these artificial waterways is an important 
process to consider. Despite this, denitrification measurements have not yet been carried out in 
residential canal estates. Nutrient fluxes shown in this chapter suggest a potential decrease in 
nitrification and denitrification processes due to increased respiration rates and high fluxes of 
ammonium from the sediment into the water column. 
Pacific Harbour and Calypso Bay denitrification rates were within the range of rates observed 
in other estuarine systems around the world (Table 5.12) (Christensen et al. 1990; Eyre & 
Ferguson 2002; Gardner & McCarthy 2009; Hanington et al. n.d.; Mohammed & Johnstone 
n.d.; Pind et al. 1997; Seitzinger 1988). They were in the higher range for estuaries in South 
East Queensland (Table 5.12) (Cook et al. 2004; Denninson & Abal 1999; Dong et al. 2011; 
Dunn et al. 2013; Dunn et al. 2012; Eyre & Maher 2011; Eyre et al. 2011; Eyre & Ferguson 
2006; Eyre & Ferguson 2005; Ferguson & Bradley 2010; Ferguson et al. 2007; Hanington et 
al. n.d.; Roberts et al. 2012). Notably, the data described here was similar to those described 
for a stream receiving drainage water from surrounding agricultural fields in Denmark (Table 
5.12) (Pind et al. 1997).  
 
Table 5.12. Comparative table with total denitrification (Dtot), denitrification coupled to 
nitrification (Dn), and denitrification based on nitrate diffusing from the water column (Dw) for 
both canal estates and different estuarine environments. Rates are in µmol N m-2 h-1. 
Locations Dtot Dn Dw Reference 
Pacific Harbour 66 (+65) 58 (+71) 3 (+24) This study 
Calypso Bay 172 (+113) 104 (+138) 6.7 (+11) This study 
Bremer River, 
South East 
Queensland, 
Australia 
67-201 - - Cook et al. 2004 
Broadwater, 
Southern 
77-412 - - Eyre et al. 2011 
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Moreton Bay, 
Australia 
Moreton Bay, 
Australia (near 
a sewage 
effluent 
discharge) 
0-51 - - Ferguson et al. 2007 
Saltwater 
Creek, South 
East 
Queensland, 
Australia 
3.5-17.7 - - Dunn et al. 2013 
Brunswick 
Estuary, 
Australia 
3-58 - - Eyre & Ferguson 2005, 2006 
Coombabah 
Lake, Moreton 
Bay, Australia 
0.5-5.7 - - Dunn et al. 2012 
Caboolture 
Estuary, 
Australia 
20-30 - - Eyre & Maher 2011 
Manly, Curl 
Curl and Dee 
Why Lagoons, 
NSW, Australia 
8 to 69 +5 - - Eyre & Ferguson 2002 
Baltic Sea 0.5 to 28.7 - - Deutsch et al. 2010 
Gelbaek stream, 
Denmark 0-750 0-170 0-650 Pind et al. 1997 
Gelbaek stream, 
Denmark 
0.1-1.4 mmol N m-2 
h-1 - - Christensen et al. 1990 
Tama Estuary, 
Japan 145-594 - - 
Seitzinger 1988 and 
references in there. 
Tejo Estuary, 
Portugal 107-1,067 - - 
Seitzinger 1988 and 
references in there. 
Mapopwe 
Creek, Zanzibar - 28.63-123 16.21-37.91 
Mohammed & Johnstone 
n.d. 
 
The highest denitrification rates occured at station 1 (PH) during the dry season, where 
denitrification was coupled to nitrification (Dn) and also driven by the nitrate diffusing from 
the water column (Dw) (Figure 5.12). Nutrient fluxes showed a release of ammonium and 
phosphate from the sediment into the water column, which was in agreement with the high 
respiration rates found at this station and suggests high OM mineralization relative to other 
areas of Moreton Bay (see Table 5.9). Additionally, there was a release of nitrate during day 
time and an uptake of NOx during night time. This indicates that during day time some of the 
  189 
 
ammonium being released from OM degradation was being nitrified and, consequently, 
nitrification rates were high enough to account for the efflux of NOx into the water column. 
During night time, denitrification occured driven by NOx derived from nitrification, as well as 
by NOx diffusing from the water column into the sediments. The occurrence of denitrifica t io n 
during night time was reflected in the influx of nitrate into the sediments and the high Dw. 
As mentioned before, station 1 at PH experienced a shift between seasons; during the wet 
season denitrification rates decreased, denitrification was no longer coupled to nitrification and 
was only driven by the nitrate diffusing from the water column. This trend also has been 
recorded in a tidal creek of East Africa (Mohammed & Johnstone n.d.), where denitrifica t ion 
was driven by nitrate from the water column due to BMA competition for dissolved inorganic 
nitrogen. Sediment chlorophyll-a content at PH (Table 5.2) showed an increase in benthic 
microalgae during the wet season, which could explain the decrease in the release of 
ammonium into the water column. Additionally, the uptake of phosphate occurring during day 
time confirmed BMA assimilation (Denninson & Abal 1999; Rysgaard et al. 1995). 
Consequently, BMA was competing with nitrifiers for ammonium during night time decreasing 
nitrification rates as well as Dn. This competitive interaction has been previously recorded at 
Moreton Bay by Denninson & Abal (1999). 
Another factor causing a shift in denitrification rates described for western Moreton Bay, 
Australia, is the increase in OM inputs during the wet season (Ferguson et al. 2007). High loads 
of OM intensify respiration rates and the consumption of oxygen by benthic communit ies, 
decreasing nitrification and thus Dn. As described in Chapter 4, during the wet season the water 
column at station 1 PH was stratified due to a greater consumption of bottom water DO, 
reaching hypoxic conditions (DO < 1.3 + 0.8 mg/L) especially after rain events (Figure 4.33, 
Chapter 4). Additionally, the high content of TOC found at station 1 (Table 5.1) also 
contributed to the decrease in sediment oxygen content. As a consequence, during night time 
there was an uptake of NOx from the water column into the sediment producing the shift to 
denitrification only driven by NOx diffusing from the water column. 
A similar shift occurs at station 6 (PH): during the dry season it was driven by NOx diffus ing 
from the water column, whereas during the wet season denitrification was driven by 
nitrification only (Figure 5.12). Dry season nutrient fluxes show that during daytime the release 
of ammonium was not as high as night time, suggesting ammonium assimilation by BMA 
during day time but not during night time. This BMA activity was corroborated by the 
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increased benthic gross primary production described for this site (Table 5.5) and the high 
content of sediment Chl-a (Table 5.2). This implies that benthic nitrifiers were competing with 
BMA for nitrate and thus Dn was limited by the lack of NOx in the benthos. Consequently, the 
uptake of NOx from the water column during day and night time was explained by 
denitrification being only driven by NOx diffusing from the water column.  
During the wet season, water stratification in PH canal estate caused isolation of bottom waters, 
which added to the high load of OM inputs that these waterways receive, resulted in a decrease 
in respiration rates. This decrease in respiration rates diminished the amount of ammonium 
available in the system. Additionally, BMA biomass during the wet season was higher, and 
thus the uptake of ammonium intensified, as well as the competition with nitrifiers for the 
ammonium available. During night time, the uptake of ammonium and nitrate increased due to 
high BMA activity, causing a decrease in Dn rates. This has also been described for a Danish 
estuary in which reduced ammonium and nitrate concentrations caused a reduction in Dn rates 
(Rysgaard et al. 1995). 
Similar to station 6, station 9 (PH) during the dry season showed high OM turn over (Table 
5.5) and thus release of ammonium into the water column (Figure 5.12). There was also NOx 
uptake during day time indicating a decrease in nitrification due to competition between BMA 
and nitrifiers. However, during night time nitrification increased favouring the coupling of 
denitrification (Dn).  
During the wet season, station 9 showed a similar trend described at station 6 with a decrease 
in the ammonium efflux and an increase in NOx uptake indicating that the increase in BMA 
biomass (Table 5.2) intensified as well as the competition with nitrifiers for the ammonium 
available. Additionally, the high BMA biomass as well as the gross primary production (Table 
5.5) increased the availability of oxygen in the benthos and therefore, favouring the nitrifica t ion 
coupled to denitrification. 
Station 1 at CB showed an uptake of ammonium and NOx during day and night time suggesting 
the competition for ammonium between BMA and nitrifiers. Sediment Chl-a content and gross 
primary production supported the presence of BMA at this location. In contrast to PH, there 
was no evidence of Dw occurring at CB station 1 or any other station during both season. 
Benthic microalgae have been shown to stimulate coupling of nitrification-denitrification and 
reduce Dw by extending the sediment oxic layer through oxygen production (Rysgaard et al. 
1995). 
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During the wet season, BMA biomass was higher, suggesting that competition with nitrifie rs 
for ammonium would increase and ammonium fluxes into the water column would decrease. 
However, during the wet season station 1 displayed a higher content of TOC to be degraded 
(Table 5.1) and, consequently, there was an efflux of ammonium and a high nitrification rate 
as shown by the nutrient fluxes (Figure 5.13). 
Notably, station 9 (CB) during the dry season showed no evidence of denitrification (Figure 
5.13). The decrease of ammonium efflux during day time suggests the activity of BMA. 
However, the sediment OC content was low (Table 5.1) and thus the amount of ammonium 
was not high enough for nitrifiers to outcompete BMA uptake impeding denitrification. The 
uptake of NOx from the water column confirmed that nitrification was inhibited, and thus Dn 
was not occurring due to NOx limitation. On the contrary, during the wet season station 9 
showed denitrification coupled to nitrification (Figure 5.13). Nutrient fluxes also showed BMA 
competing with nitrifiers for ammonium uptake during the wet season. However, OC sediment 
content was higher (Table 5.1) during the wet season and consequently, nitrification rates 
increased favouring the occurrence of Dn. 
Chl-a sediment content at CB station 5 (Table 5.2) showed the presence of BMA and the 
decrease of ammonium efflux during day time confirmed this. Additionally, the uptake of NOx 
from the water column during day time indicated that BMA was competing with nitrifiers for 
NOx. However, during night time BMA activity seemed to decrease, allowing nitrification to 
occur, and thus Dn occured as well. During the wet season, station 5 showed the highest 
denitrification rate recorded at Calypso Bay. Ammonium fluxes showed that during day time 
BMA and nitrifiers were competing for inorganic nitrogen. However, during night time 
nitrification rates increased favouring the occurrence of Dn. Also, the coupling of 
denitrification-nitrification process was enhanced at station 5 due to proximity to the estuary 
and the well-mixed water column, which maintained higher oxygen levels on the bottom water 
high. 
Decreased denitrification rates have also been related to high rates of benthic respiration. Kemp 
et al. (2005), showed that increased eutrophication promotes water column stratification and 
subsequent decrease in bottom oxygen content, reduces nitrification and denitrification, as well 
as it favours the release of ammonium from the sediments into the water column. In some areas 
of Moreton Bay, elevated respiration rates decrease the availability of oxygen in the benthos, 
reducing the occurrence of denitrification coupled to nitrification (Ferguson et al. 2007). 
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During the wet season, the water column at inner stations was stratified due to greater 
respiration rates, such that hypoxic conditions were established (e.g. station 1 PH), especially 
after rain events. This would explain the reduction in denitrification rates observed at PH. 
Additionally, benthic DO depletion can cause a change in the nitrogen cycling pathway from 
coupled nitrification-denitrification into dissimilatory nitrate reduction to ammonium (DNRA) 
(Deng et al. 2005; Dun et al. 2012; Ferguson et al. 2007; Gardner & McCarthy 2009; Gardner 
et al. 2006; Roberts et al. 2012). This shift from denitrification to DNRA was also described 
by a study undertaken in a subtropical tidal creek in the Gold Coast, Australia (Dunn et al. 
2013). It was suggested that high loads of stormwater rich in OC received by the benthos 
increased sediment respiration rates, and thus decreased the denitrification efficiency of this 
tidal creek (Dunn et al. 2013). Canal estate water stratification causes isolation of bottom 
waters, which added to the high load of OM inputs that these waterways receive, cause a 
decrease in respiration rates and drives the benthos to anoxia. This could favour the reduction 
of NOx via DNRA, but we did not measure DNRA so we cannot account for it. 
It has also been shown that high sediment oxygen demand due to high loads of OC favour the 
occurrence of sulphate reduction (Brunet & Garcia-Gil 1996; Gardner et al. 2006; Roberts et 
al. 2012). Bernard et al. (2015) showed high concentrations of sulfidic inhibit ing 
denitrification, and instead increasing the dissimilatory nitrate reduction to ammonium 
(DNRA) at Little Lagoon, Alabama. Kellogg et al. (2012) suggested the potential occurrence 
of acid sulphate sediments in PH canal. Also, hypoxia recorded at PH bottom waters during 
the wet season could have changed the sediment redox conditions and cause the occurrence of 
sulphate reduction, favouring the occurrence of DNRA; however, this would require further 
studies. 
When comparing both canal estates, it was noteworthy that PH presented the highest total 
denitrification rates compared to CB. This can be explained because Pacific Harbour sediments 
showed a higher content of OM. The quality of sediment OM has also been described as an 
important factor determining denitrification rates (Sgouridis et al. 2011).  
Overall, results highlighted the importance of nitrification coupled to denitrification in CB 
canals. Notably, Calypso Bay canal estate sediments had the potential to lose nitrogen as N2 all 
year round through denitrification coupled to nitrification. This suggests that the amount of 
sediment OM content, as well as the less stratified, well-oxygenated water column and presence 
of BMA at CB favoured this system as a sink of bioactive nitrogen to the atmosphere as N2. 
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5.5 Conclusion 
In the previous chapter it was demonstrated that canal estates display spatial variatio ns 
including irregular bathymetry, water column salinity and DO stratification, differences in 
dissolved nutrient concentrations, as well as spatial variations in pelagic and benthic Chl-a 
levels. Results also showed seasonal variations in physico-chemical and biophysica l 
characteristics of the water column, with dissolved nutrient and chlorophyll-a concentrations 
being above the guideline values given for estuarine water quality during the wet season (Table 
5.13) (Australian & New Zealand Guidelines for fresh and marine water quality 2000). 
Compared to the guideline values set for estuaries in the SEQ region that encompasses the 
study sites (Australian & New Zealand Guidelines for fresh and marine water quality 2000), 
the findings in chapter 4 suggest that the canal estates are performing differently than 
undisturbed estuaries in terms of their nutrient cycling (Table 5.13).  
 
Table 5.13. Comparative values for water column dissolved nutrient, chlorophyll [Chl-a], and 
dissolved oxygen concentrations (DO) at both canal estates and guideline values for estuaries 
in South East Queensland. [NH4+] refers to ammonium concentration, [NOx] to nitrate+nitr ite 
concentration, and [PO4-3] to phosphate concentration. 
Location 
[NH4+]  
(mg N L-1) 
[NOx]  
(mg N L-1) 
[PO4-3]  
(mg P L-1) 
[Chl-a]  
(ug L-1) 
DO  
(mg L-1) 
Reference 
Pacific 
Harbour 
1.05 (Dry 
season) 
0.23 (Dry 
season) 
0.34 (Dry 
season) 
3 (Dry 
season) 
6.5 (Dry 
season) 
This study 
0.75 (Wet 
season) 
0.31 (Wet 
season) 
0.26 (Wet 
season) 
10 (Wet 
season) 
6.6 (Wet 
season) 
Calypso Bay 
0.85 (Dry 
season) 
0.36 (Dry 
season) 
0.34 (Dry 
season) 
3 (Dry 
season) 
6.8 (Dry 
season) This study 
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0.88 (Wet 
season) 
0.54 (Wet 
season) 
0.34 (Wet 
season) 
4 (Wet 
season) 
6.5 (Wet 
season) 
Estuaries in 
South East 
Queensland 
15 µg N L-1 15 µg N L-1 15 µg N L-1 5 80-110 % 
Australian 
& NZ 
Guidelines 
2000 
 
In this context, sediment core and water column incubations were carried out to measure 
pelagic and benthic primary production, respiration rates and net ecosystem metabolism. Gross 
primary production (GPP) described for both systems was within the lower range described for 
other estuaries. Similarly, the whole system respiration rates (R) were within the range 
described for other estuaries (Borges & Abril 2011; Eyre et al. 2011; Harding et al. 1999; 
Hopkinson & Smith 2005).  
Our findings also show that water column gross primary production accounted for most of the 
system primary production, and benthic productivity was not a major contributor to the overall 
system production. However, the presence of photosynthetically active benthic microalgae in 
both canal estates sediments indicated that they may be important regulators of estuarine 
benthic nutrient fluxes.  
According to Nixon (1995) coastal systems can be classified according to the level of organic 
carbon input they receive. If the only source of organic carbon (OC) considered in canal estates 
is the fixation carried out by primary producers (autochthonous source), then the trophic status 
of Pacific Harbour during both season was mesotrophic (Table 5.12) (Nixon 1995). Simila r ly, 
Calypso Bay behaved like an oligotrophic system during the dry season, but as a mesotrophic 
system during the wet season (Table 5.13) (Nixon 1995). However, it has been shown in this 
study that during rain events these artificial waterways received inputs of allochthonous carbon 
(Figure 5.9), which makes the primary production-based classification used by Nixon (1995) 
inappropriate. 
Net ecosystem metabolism (NEM) is a useful tool to understand how anthropogenic OC 
sources affect nutrient cycling in coastal environments (Talaue-McManus et al. 2003). 
Additionally, estimates of net ecosystem metabolism not only account for the system primary 
production but also the system respiration of both autochthonous and allochthonous materia ls 
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(Talaue-McManus et al. 2003). According to Kemp et al. (1997), net ecosystem metabolism 
can classify coastal systems as being net heterotrophic or net autotrophic. The latter refers to 
systems in which NEM is > 1 and primary production exceeds respiration (p > r). On the 
contrary, when NEM < 1 respiration exceeds primary production and the system is net 
heterotrophic (Kemp et al. 1997). Despite the presence of photosynthetic activity BMA in both 
canal estates, the system respiration exceeded primary production, thus there was a net 
consumption of oxygen, and both canal estates are net heterotrophic (Table 5.14). Accordingly, 
it can be assumed that both canal estates were over saturated in carbon dioxide with respect to 
the atmosphere and were a net source of CO2 to the atmosphere. 
 
Table 5.14. Comparative table with annual nutrient fluxes, annual gross primary production 
and denitrification rates at both canal estates and other estuaries in South East Queensland. 
Positive values indicate an efflux from the sediment into the water column, and negative values 
indicate an uptake. NEM refers to net ecosystem metabolism (production:respiration). 
Location 
NH4+ 
Flux  
(g N L-1 
y-1) 
NOx 
Flux  
(g N L-1 
y-1) 
PO4-3 
Flux 
(g P L-1 
y-1) 
GPP (g 
C m-2 y-
1) 
NEM 
(p:r)  
Denitrification (g 
N m-2 y-1) Reference 
Pacific 
Harbour 
4.64 
(Dry 
season) 
-0.18 
(Dry 
season) 
0.10  
(Dry 
season) 
261 
(Dry 
season) 
-0.7 
  
24 (Dry season) 
This study 
 -0.34 
(Wet 
season) 
-0.09 
(Wet 
season) 
 0.13 
(Wet 
season) 
172 
(Wet 
season) 
8 (Wet season) 
Calypso Bay 
 1.29 
(Dry 
season) 
-0.17 
(Dry 
season) 
0.12 
(Dry 
season) 
95 (Dry 
season) 
-0.55 
  
5 (Dry season) 
This study 
1.13 
(Wet 
season) 
0.88 
(Wet 
season) 
-0.08 
(Wet 
season) 
148 
(Wet 
season) 
21 (Wet season) 
Oligotrophic 
marine systems - - - < 100 - - Nixon 1995 
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Mesotrophic 
marine systems - - - 
100 to 
300 - - Nixon 1995 
Southern 
Moreton Bay - - - - -4 to +2 - 
Eyre et al. 
2011 
Moreton Bay - - - - +2 - 
Eyre et al. 
2011; 
Ferguson 
and Eyre 
2010 
Moreton Bay, 
Australia 
(sewage 
impacted area) 
+34 mg 
m-2 d-1 
+35 mg 
m-2 d-1 
+18 mg 
m-2 d-1 - - - 
Dennison & 
Abal 1999 
Moreton Bay, 
Australia 
(mixed sand 
and mud) 
+1.4 mg 
m-2 d-1 
+0.9 mg 
m-2 d-1 
+2.2 mg 
m-2 d-1 - - - 
Dennison & 
Abal 1999 
Moreton Bay, 
Australia (near 
a sewage 
effluent 
discharge) 
- - - - - 0-51 µmol N m
-2 
h-1 
Ferguson et 
al. 2007 
 
As indicated earlier, canal estate biogeochemical processes showed spatial and seasonal 
variations. The highest gross primary production (GPP) and respiration (R) rates occurred at 
inner stations of both study sites. Similarly, the highest GPP and R rates occurred during the 
dry season opposite to that observed in subtropical coastal systems (Eyre & Ferguson 2005). 
The increase in GPP and R rates during the dry season is probably explained due to a decrease 
in water exchange (Hopkinson & Smith 2005). Water residence time of both case studies are 
estimated and discussed in the next chapter (Chapter 6), but support the occurrence of 
decreased water exchange with the estuary during the dry season. 
Overall, nutrient fluxes demonstrated that these canals released ammonium and phosphate from 
the sediment to the water column, and an uptake NOx from the water column into the benthos, 
behaving like eutrophic estuaries (Statham 2012). The net release of ammonium and phosphate 
responded to the decline in dissolved oxygen (DO) concentrations and high respiration rates, 
due to high phytoplankton biomass and low flushing rates occurring at inner stations. Results 
also showed that these artificial waterways were similar to the muddy sediments located in the 
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western areas of Moreton Bay, which have high inputs of OM (Dennison & Abal 1999; 
Wolanski 2013). 
Ammonium efflux was higher than those described for Moreton Bay (Dennison & Abal 1999) 
and suggest that there was a high load of OM to the sediments and consequently, a high 
consumption of DO during mineralization (Enoksson 1987; Herbert 1999; Jørgensen 1996; 
Sloth et al. 1995). Similarly, mean ammonium effluxes were higher than those described for 
other Australian estuaries (Heggie et al. 1999), and suggest that these canal estates may be 
potential sources of NH4+ into their surrounding environments. On the contrary, phosphate 
efflux values described here were within the rage described for Australian estuaries (Table 
5.11) (Heggie et al. 1999).  
Nutrient fluxes also showed seasonal variations and differ from one canal estates to the other. 
During the dry season, Pacific Harbour showed a net release of ammonium that was being 
taken up by phytoplankton and benthic microalgae (BMA) during daytime (Figure 5.17). The 
net uptake of nitrate+nitrite (NOx) and high benthic denitrification rates suggest the occurrence 
of nitrification coupled to denitrification. Despite the increase in freshwater and nutrients inputs 
occurring during the wet season, there was a decrease in the net efflux of ammonium as well 
as in the nitrification and denitrification rates (Figure 5.17), which can be explained by the 
competition for ammonium between BMA and nitrifiers. The reduction of denitrification rates 
during the wet season suggests the retention of inorganic nitrogen that can be exported from 
the canal estate into the adjacent environments causing severe eutrophication and potentially 
algae blooms in adjacent environments. 
Calypso Bay canal estate also showed a net release of ammonium and phosphate, and a net 
uptake of NOx during the dry season (Figure 5.18), which suggest the competition between 
BMA and nitrifiers for ammonium. Despite the net uptake of NOx from the sediment displayed 
during the dry season, denitrification rates were lower relative to the rates displayed by Pacific 
Harbour. On the contrary, during the wet season the release of ammonium decreased and there 
was a net uptake of phosphate suggesting the activity of BMA. However, the efflux of NOx 
increased (Figure 5.18), favouring the coupling of denitrification and the release of N from the 
ecosystem.  
Accordingly, it can be concluded that canal estates have the potential to have high rates of 
denitrification and to be an important sink of N for coastal systems; however, due to bottom 
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water DO depletion during rain events and competition for ammonium with BMA, this 
potential can be decreased. The conservation of biologically reactive N in canal estates and its 
potential export to adjacent ecosystems has important implications for the development of 
algae blooms in the surrounding environments. 
Results presented here also confirm the fact that the replacement of wetlands by canal estates 
generates a decrease in benthic productivity and transforms coastal areas that are net 
autotrophic and carbon sinks, into net heterotrophic areas that are nutrient and carbon sources 
to the atmosphere and other adjacent ecosystems.  
The previous results permitted the characterization of the biochemical processes occurring in 
the two canal estates and provided much of the basis for a nutrient budget presented in the next 
chapter. 
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Figure 5.17. Summary of the different metabolic processes involved in organic matter 
degradation in Pacific Harbour. BMA refers to benthic microalgae and Chl-a refers to 
phytoplankton. Modified from Jørgensen (1996). 
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Figure 5.18. Summary of the different metabolic processes and nutrient fluxes involved in 
organic matter degradation in Calypso Bay. BMA refers to benthic microalgae and Chl-a refers 
to phytoplankton. Modified from Jørgensen (1996). 
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Chapter 6. The LOICZ Model 
6.1 Introduction 
The final goal of this thesis was to contextualize and understand the two canal study sites from 
a whole-of-system and global perspective. This aspect of the thesis uses the modelling 
technique proposed by the Land-Ocean Interactions in the Coastal Zone project (LOICZ). 
LOICZ is a useful tool designed by the International Geosphere-Biosphere Programme to 
define the relative role of coastal ecosystems as sinks or sources of nutrients such as C, N and 
P (Talaue-McManus et al. 2003). By using the LOICZ approach it is also possible to build 
nutrient budgets and predict changes in estuarine systems due to human pressures as a way to 
develop effective nutrient management strategies (Ramesh et al. 2015). Importantly, given the 
wide use of the LOICZ method, it is possible to compare this work with many other similar 
systems in a standardized manner. To date there are 200 coastal ecosystems that have been 
evaluated and defined by the LOICZ approach (Talaue-McManus et al. 2003). This collective 
effort allows for the examination of global trends as well as specific differences at the single 
estuary scale. 
In Australia, the LOICZ tool has been used to define estuarine systems and as well as to 
determine how increase in human activities change the biogeochemical cycles of C, N and P 
in coastal areas (Smith & Crossland 1999). Approximately 750 estuaries have been assessed 
using LOICZ all over Australia in order to identify nutrient fluxes from different areas of the 
estuary. Additionally, it has been applied to examine potential changes of these fluxes over 
time. This information on Australian estuaries is fundamental in the comparison and 
consideration of the two artificial waterways studied here.  
In this context, the last objective of the thesis is to “asses the relative significance of canal 
estates in terms of their potential capture or release of C, N and P.”. In order to do that the 
LOICZ tool is used to build a nutrient budget and to define the function of these two systems 
as potential sources or sinks of nutrients. Also, the development of a LOICZ model provides 
insight into the fluxes of water, salt and nutrients between compartments and between the canal 
estate system and the adjacent estuary. 
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6.2 Methods  
LOICZ assumes a steady-state mass balance; that is the sum of inputs, outputs and storage of 
C, N and P within the system equals zero. Additionally, the LOICZ model requires the 
description of the physical, biological, chemical and socio-economic factors of the estuarine 
system that has been chosen for study (Gordon et al. 1996). Figure 6.1 summarises the 
components of a canal estate system that must be considered in order to build a nutrient budget. 
In order to develop a LOICZ model for the canal estates in this study, the results from chapters 
4 and 5 have been used together with additional data, as explained below. 
The main physical factors included in the LOICZ method are estuarine bathymetry, forces 
involved in water movement (tidal influence, freshwater inflows), land-derived runoff and the 
system boundaries (Talaue-McManus et al. 2003; Swaney & Giordani 2007). Canal estate 
bathymetry and water movement, such as tidal influence, are described in Chapter 4. The 
definition of the system boundaries will be developed in this chapter (section 6.2.1).  
In addition, the water exchange of canal estates can also be considered as a key parameter that 
can help define the level of flushing that an estuary experiences (Wolanski 2007). For example, 
the shorter the water exchange the more flushed an estuary is and the more likely it is that 
materials are exchanged between the canal system and the adjacent waters (estuary). According 
to Hubertz et al. (2005), water exchange can vary spatially depending on the bathymetry, the 
amount of river inflow, winds or runoff. In this regard and according to literature, the water 
flushing in canal estates diminishes inwards, reaching minimal levels at the canal dead-end 
(Moss 1989). The water exchange of the study sites will also be calculated in this chapter 
(section 6.2.2). 
LOICZ also requires the estimation of the system nutrient content, as well as fluxes of C, N 
and P, which represent the ‘nutrient budget’ (Gordon et al. 1996). However, because these 
elements experience transformations while being taken up or released by organisms, they are 
considered to be non-conservative. Other factors crucial for the development of the LOICZ 
model include biogeochemical factors such as DO and nutrient fluxes, as well as BMA 
composition. Finally, it also includes socio-economic factors such as land-use, demography 
and human activities. 
Methodology to define the system boundaries, as well as to estimate water, salt and nutrient 
budgets as well as the water exchange are explained in the following section. 
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Figure 6.1. Factors describing a canal estate system required for the development of a LOICZ 
model. Modified from Gordon et al. (1996) and Swaney & Giordani (2011). 
 
6.2.1 System Boundaries 
The system boundary refers to the upper and lower border of the system and it will define the 
extent of water exchange and system residence time. The two case study systems boundaries 
were defined based on the data gathered in Chapter 4 and Chapter 5. Due to the artificial nature 
of canal estates, the upper border of a natural estuary, where the river enters the estuary, is not 
present in a canal estate. Consequently, the dead-end canals are considered as the upper border 
of this case study. Similarly, the lower border is located where the canal meets the open ocean, 
and was defined based on bathymetric, tidal and water mixing data. The canal area lying 
between the upper most dead-end locations and the point of intersection with the adjacent 
estuary is considered as the one that comprises canal intersections and the dead-end canal 
branches area in between these two points is considered as the middled area.  
 
6.2.2 Water Exchange Times 
In order to estimate the canal systems water exchange time, the LOICZ method requires water 
and salt budgets to be estimated (Gordon et al. 1996). For this, the boundaries of the system 
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and its compartments need to be established and are defined for this study in section 6.3.1 
below. For further detail on the system boundaries and compartments of the study locations see 
section 6.3.1. Additionally, the LOICZ method requires the total freshwater inputs to be 
considered (Gordon et al. 1996). Due to their artificial nature, canal estate freshwater loads are 
comprised of precipitation, stormwater, runoff associated with household and boat 
maintenance, and groundwater.  
The LOICZ tool assumes the conservation of water mass; this is because water does not 
undergo significant biogeochemical transformations, the water inputs and outputs can be used 
to estimate the water exchange between the system (e.g. canal estate) and the adjacent estuary 
(Gordon et al. 1996). The difference between freshwater inputs and outputs at these two canal 
estates are depicted in Figure 6.2 and will be called the ‘water budget’. The residual flow 
represents the freshwater flow from one compartment to the next one (Gordon et al. 1996). In 
systems with net freshwater inflow, the residual flow will be negative and represent an outflow 
from one compartment. On the contrary, when it is positive it will represent an inflow to the 
next compartment. 
 
 
Figure 6.2. Diagram summarizing the fluxes associated to the water and salt budgets of Pacific 
Harbour and Calypso Bay canal estates. Modified from Gordon et al. (1996). 
 
Estuarine systems also receive saltwater input from the ocean. Accordingly, the LOICZ method 
also requires a salinity budget to be developed (Gordon et al. 1996). The level of water 
exchange between the canal estate system and the adjacent estuary is called the ‘salt budget’ 
and it assumes the system salinity to be conservative (Gordon et al. 1996). In this case, we have 
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called the intrusion of saltwater coming from the adjacent estuary into the canal estates, ‘tidal 
input’ (Figure 6.2). The estimation of system salinity fluxes caused by mixing of the system 
water mass is called ‘mixing salt fluxes’ and it is measured by difference between the salinity 
of water inputs and outputs, as shown in Figure 6.2. For this method to be used, there must be 
a difference in salinity above 0.3 PSU between the system (e.g. the canal estate) and the water 
source (e.g. the estuary), as well as between the compartments (Gordon et al. 1996). 
Accordingly, stormwater, groundwater and runoff salinity are considered to be zero. In this 
regard, measurements of water salinity across both canal estate case studies is described in 
Chapter 4 and used to define the inputs of freshwater and saltwater.  
Given the definitions above, the exchange time is therefore estimated by the following 
equation: 
Exchange Time (π) = V1 /(VR + VX) 
Where VR is the residual flow, VX is the mixing flux, and V1 is the volume of the system. In 
order to estimate each compartment volume, the compartment area was multiplied by the mean 
depth as described by Gordon et al. (1996). The area of each compartment was determined 
using the tool Google Earth. 
 
6.2.3 Nutrient Budgets 
Box models were built for each location and for each season using the diagram shown in 
Chapter 5 (Figure 5.16). Whilst it is recognised that the immediately adjacent land is part of 
the wider canal system (stormwater inputs and similar), this study only focussed on the canals 
themselves in terms of exchanges and processes. Compartments 1, 2 and 3 correspond to 
stations 1, 6 and 9 at Pacific Harbour canal estate (PH). Similarly, compartments 1, 2 and 3 
correspond to stations 1, 9 and 5 at Calypso Bay canal estate (CB).  
The information necessary for the construction of box models for each canal compartment was 
provided by the nutrient stocks and process rates described in Chapter 4 and Chapter 5. The 
nutrient stocks described here are given in mmol L-1 of N or P and were calculated using the 
concentrations of dissolved nutrients estimated according to methods described in Chapter 4. 
Similarly, phytoplankton and benthic microalgae (BMA) primary production used to build the 
nutrient budget are given in mmol C m-2 d-1 and were estimated according to measurements 
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described in Chapter 5. Oxygen and nutrient fluxes, including denitrification, are given in 
mmol m-2 d-1 and were calculated using the fluxes estimated according to methods described 
in Chapter 5. 
 
6.2.4 The LOICZ Model 
Canal estate socio-economic factors such as land-use, demography and human activities have 
been described in the introduction (Chapter 1), as well as through the description of each study 
area. The methodology followed to develop the water and salt budget are described in section 
6.2.2. Precipitation and evaporation for the two locations were obtained from the Bureau of 
Meteorology (www.bom.gov.au). Precipitation nutrient concentrations (N and P) were 
obtained from measurements undertaken by Eyre (1995) in the northern Queensland area and 
they were in the order of 0.04 mmol m3 for DIP and 1.14 mmol m3 for DIN during both seasons.  
Due to an absence of groundwater for both Pacific Harbour and Calypso Bay, groundwater 
flows estimated for by Gleeson (2012) were considered to build the LOICZ models and they 
ranged between 0.00145 and 0.00084 m3 d-1 during the dry and the wet season respectively. 
Groundwater nutrient concentrations for Pacific Harbour were also taken from estimates made 
by Gleeson (2012) at an artificial canal located south of Pacific Harbour (Bribie Gardens). 
Groundwater nutrient levels for Calypso Bay were taken from estimates made for a tidal creek 
located in the Pimpama estuary nearby the canal estate (Gleeson 2013). Similarly, annual 
stormwater inputs were obtained from an estimate for Southeast Queensland area by Chong et 
al. (2011). Stormwater nutrient concentrations for both canal estates were estimated using the 
Australian Guidelines for Urban Stormwater Management (2000) and the values presented by 
Lucke et al. (2018).  
For the nutrient budget, it is necessary to understand that the LOICZ methodology is based in 
the principle that a plankton-based system can be described by the Redfield ratio, and therefore 
the uptake of inorganic nutrients (C, N, P) represents the production of OM and respiration 
releases inorganic nutrients (Figure 6.1). As mentioned before, canal estates are phytoplankton-
dominated systems and thus the Redfield ratio is a good approximation of the C to N to P 
proportions in the system. Consequently, the budget of these non-conservative elements (C, N 
or P) reflects the difference between the source and the sink terms. In order to gather this 
information, nutrient stocks and nutrient fluxes measurements were undertaken and they are 
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described in detail in Chapter 4 and Chapter 5. Similarly, biogeochemical factors such as DO 
and nutrient fluxes, as well as BMA composition are described in Chapter 4.  
The dissolved nutrient concentrations and fluxes used to build the nutrient budget for each 
canal estate are shown in Table 6.1 and Table 6.2. The budgets were constructed for dry and 
wet season separately. Table 6.1 shows the data for Pacific Harbour and Table 6.2 shows the 
data for Calypso Bay canal estate.  
 
Table 6.1. Nutrient concentration and fluxes at Pacific Harbour canal estates for dry and wet 
season used in the LOICZ model. Nutrient concentration and fluxes obtained according to 
methods discussed in Chapter 4 and 5 were estimated for each compartment volume. 
Season Compartment 
[DIP]  
(mmol m-3) 
DIP Flux  
(mol d-1) 
[DIN]  
(mmol m-3) 
DIN Flux  
(mol d-1) 
Dry 
1 0.0000023 0.0004 0.000394 0.0277 
2 0.0000021 0.0004 0.000388 0.0945 
3 0.0000022 -0.0001 0.000564 0.0433 
Wet 
1 0.000340 -0.000176 0.0000026 0.0019 
2 0.000348 0.000347 0.0000040 -0.0453 
3 0.000327 0.000850 0.0000032 0.0196 
 
Table 6.2. Nutrient concentration and fluxes Calypso Bay canal estates for dry and wet season 
used in the LOICZ model. Nutrient concentration and fluxes obtained according to methods 
discussed in Chapter 4 and 5 were estimated for each compartment volume. 
Season Compartment 
[DIP]  
(mmol m-3) 
DIP Flux  
(mol d-1) 
[DIN]  
(mmol m-3) 
DIN Flux  
(mol d-1) 
Dry 
1 0.00000107 -0.000006 0.000202 -0.0597 
2 0.00000099 0.000383 0.000249 0.0476 
3 0.00000165 0.000416 0.000224 0.0782 
Wet 
1 0.00000313 -0.000169 0.000200 0.0235 
2 0.00000187 -0.000143 0.000210 0.0118 
3 0.00000343 -0.000224 0.000199 0.0196 
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The LOICZ models for both canal estate study sites were first assessed without including the 
nutrients stocks of precipitation, groundwater and stormwater. On a second stage, precipitat ion 
nutrient levels, as well as fluxes and concentrations of groundwater and stormwater were 
obtained from literature. Comparisons between the two versions of the LOICZ models are 
made in section 6.3.4.  
 
6.3 Results 
6.3.1 System Boundaries and Compartments 
The canal estates considered by this study are artificial waterways built in tidal creeks adjacent 
to an estuary. As a consequence, the upper area of these canals, also called ‘dead-ends’, were 
considered as the upper boundary of the system. These canals exchanged water with the 
adjacent estuary through the mouth, which was considered to be the lower boundary of the 
system. The area in between these two points was called the middled area and comprised canal 
intersections and the dead-end canal branches (Figure 6.3). 
Based on bathymetric, tidal and water mixing data (Chapter 4), as well as some of the processes 
results (e.g. respiration, denitrification; Chapter 5), three compartments were defined for each 
case study canal estate (Figure 6.3). For example, stations located in the upper region of these 
canals showed water column more stratified during both, flood and ebb tide, as well as higher 
respiration rates. Accordingly, in this chapter ‘Compartment 1’ (C1) refers to the upper border 
of these systems; the middle area was named ‘Compartment 2’ (C2), and the lower border of 
the system is described as “Compartment 3’ (C3).  
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Figure 6.3. Three compartments in which the canal systems were divided for analysis. a) 
Pacific Harbour and b) Calypso Bay. 
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6.3.2 Estimation of Canal Water Exchange Times 
The estimated area, mean depth, volume and tidal range of each compartment are given in 
Table 6.3. Compartments 1, 2 and 3 correspond to stations 1, 6 and 9 of Pacific Harbour (PH) 
canal estate. Similarly, compartments 1, 2 and 3 correspond to stations 1, 9 and 5 of Calypso 
Bay (CB) canal estate. Pacific Harbour system total area (413,000 m2) considered in this study 
was bigger than Calypso Bay area (172,000 m2). Likewise, the tidal range of PH (1.60 m) was 
higher than the mean tidal range at Calypso Bay (0.59 m). 
 
Table 6.3. Area, mean depth, volume, tidal range and mean salinity of the compartments at 
each study location. Volume was calculated based on the canal mean depth between high and 
low tide. 
System 
Compartment Area x103 
(m2) 
Mean Depth 
(m) 
Volume 103 
m3 
Tidal Range 
(m) 
Pacific 
Harbour 
1 148 3.25 + 1 481 1.42 
2 127 3.65 + 1 466 1.57 
3 137 3.83 + 1.28 525 1.81 
Total 412 - 1,471 - 
Calypso 
Bay 
1 62 4.17 + 0.37 258 0.52 
2 67 3.38 + 0.35 226 0.50 
3 42 3.36 + 0.54 141 0.76 
Total 171 - 626 - 
 
Overall, both canal estates were characterised by a salinity of approximately 36 PSU (Table 
6.4). The precipitation and evaporation data given for South East Queensland by The Bureau 
of Meteorology (www.bom.gov.au) was used to calculate the volume of precipitation (VP) and 
volume of evaporation (VE). The VP and VE for each compartment used in the LOICZ 
modelling are given in Table 6.4. 
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Table 6.4. Mean salinity (PSU), volume of precipitation (VP) and volume of evaporation (VE) 
for each compartment during the dry and the wet season. 
Canal 
Estate 
Season Compartment 
Salinity  
(PSU) 
VP (m3 d-1) VE (m3 d-1) 
Pacific 
Harbour 
Dry  
1 36.04 + 0.21 0.719 0.237 
2 36.33 + 0.10 0.617 0.203 
3 36.43 + 0.07 0.666 0.219 
Wet  
1 36.68 + 0.06 0.961 0.400 
2 36.83 + 0.07 0.824 0.345 
3 36.99 + 0..01 0.889 0.370 
Calypso 
Bay 
Dry 
1 36.50 + 0.02 0.301 0.099 
2 36.81 + 0.08 0.326 0.107 
3 36.79 + 0.04 0.204 0.067 
Wet  
1 36.82 + 0.59 0.402 0.167 
2 36.80 + 0.03 0.435 0.181 
3 36.78 + 0.11 0.273 0.113 
 
The exchange times of both canal estates (Table 6.5) were within the lower range for the whole 
Moreton Bay (Heggie & Skyring 1999) and other estuaries located in Queensland (Smith & 
Crossland 1999). Notably, these values were also within the lower range of estuaries with 
similar volume (e.g. Anne estuary, Table 6.5). When compared to the Ria Formosa lagoon 
Portugal (vol. = 194 *103 m3), Pacific Harbour exchange times (mean 2 + 1.7) were in the 
higher range, while Calypso Bay exchange times (mean 8 + 2) were within the range for this 
hypersaline lagoon. 
The compartment that was located further inland (C1) at Pacific Harbour showed the highest 
exchange time, indicating that the water entering the canal from the estuary remained trapped 
there for 3.9 days during the dry season and 1.4 days during the wet season (Table 6.5). 
Compartment 2 displayed the lowest exchange times during both season, with only 0.6 and 0.5 
days during the dry and wet season respectively. This can be explained by the fact that the 
second opening that connects the canal with the estuary was located in this compartment. 
Notably, compartment 3 showed the highest exchange time during the dry season with 4.6 days, 
suggesting that the deepest area of the canal estate favours the entrapment of water. During the 
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wet seasons, however, the exchange time of C3 decreased to 1.3 days, which highlights the 
strong influence that freshwater inputs (derived from rainfall, stormwater and or/groundwate r) 
may have in the water movement within these artificial waterways. 
Similarly, Calypso Bay exchange times were the highest at the inner compartment (1), with 
5.29 days during the dry season and -0.1 days during the wet season (Table 6.5). Compartments 
located further down displayed negative values during both seasons. This can be explained 
because salinity at inner areas of the canal were lower than the estuary due to increased dilut ion. 
This was in agreement with estuaries from Southeast Queensland, which are freshwater 
dominated with salinities lower than salinity of the marine water source (Heggie & Skyring 
1999). This highlights the potential implications that this may have for export of materials from 
these canal estates into the adjacent waterways. 
 
Table 6.5. Exchange time for Pacific Harbour and Calypso Bay during the wet and the dry 
season.  
Canal 
Estate Season Compartment 
Estuary  
Volume 103 m3 
Exchange Time 
(days) Reference 
Pacific 
Harbour 
Dry  
1 
1,471 
3.96 
This study 
2 0.6 
3 4.66 
Wet  
1 1.43 
2 0.5 
3 1.3 
Calypso 
Bay 
Dry 
1 
626 
5.29 
This study 
2 -0.15 
3 -0.054 
Wet  
1 -0.1 
2 -0.031 
3 -0.015 
Ria Formosa Lagoon, Portugal 194 0.5 Mudge et al. (2007) 
Moreton Bay, Australia - 243 
Heggie & 
Skyring 
(1999) 
Caboolture estuary, Australia 4,700 410 
Smith and 
Crossland 
(1999) 
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Brisbane estuary, Australia 13,250 295 
Smith and 
Crossland 
(1999) 
Logan estuary, Australia 17,800 412 
Smith and 
Crossland 
(1999) 
Jardine estuary, Australia 7,800 8 
Smith and 
Crossland 
(1999) 
Annan estuary 2,700 15 
Smith and 
Crossland 
(1999) 
Moresby estuary 15,900 13 
Smith and 
Crossland 
(1999) 
 
6.3.3 Canal Nutrient Budgets 
For a better understanding of the canal system, was divided into the water component, the 
benthic component, and then these were subsequently combined to be considered as the whole 
“system” at each location. Initially, the water column was divided in two (surface and bottom); 
the bottom water layer represents the 0.5 m of water overlying the sediments. As indicated in 
the respective compartment models (e.g. Figure 6.4 to Figure 6.7) each compartment has a 
potential exchange with the adjacent compartment. In this regard, the arrows located at the 
right and left side of each box model represent the connection and the potential exchange that 
there may be between compartments. The net direction of these arrows is only defined when 
the box models are connected (see section 6.4). 
 
6.3.3.1 Pacific Harbour Canal Estate 
Using the approach described above, the results of LOICZ box modelling provided the 
following insights and knowledge. 
 
6.3.3.1.1 Compartment 1 
In the case of Pacific Harbour, the following observations can be made for compartment 1, 
located at the inner most part of the canal system: 
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Water Column Description 
Water column dissolved oxygen (DO) and nutrient fluxes in compartment 1 (C1) of Pacific 
Harbour (PH) are summarized in Figure 6.4. Despite the presence of pelagic primary 
production, the water column showed an uptake of oxygen during both seasons. The net oxygen 
consumption via respiration was higher than the oxygen production via photosynthesis and 
therefore, the water column was heterotrophic. The water column respiration ranged between 
0.21 and 0.25 mmol C m-2 d-1 during the dry and the wet season, respectively.  
During the dry season, most of the system denitrification was carried out by the water column, 
with 11 mmol N m-2 being released as N2 daily. Comparatively, during the wet season 
denitrification only occurred in the water column and it decreased to a daily rate of 1 mm N m-
2.  
Despite the high OM mineralisation, N to P ratios suggest that the water column was 
phosphorus limited (Figure 6.5) and that the inorganic P released during mineralisation of OM 
was being exported into compartment 2 (C2), as suggested by the LOICZ model shown in 
section 6.3.4. 
 
Sediment Component Description 
Oxygen uptake by the benthos was higher than that of the water column during both seasons 
(Figure 6.4), with 167 mmol C m-2 d-1 during the dry season, and 94 mmol C m-2 d-1 during the 
wet season. Benthic OM mineralisation via respiration was higher than the oxygen production 
via photosynthesis, suggesting that the benthos was net heterotrophic. The fact that inorganic 
forms of nitrogen (ammonium) and phosphorus (phosphate) were released under these 
conditions, infer the potential for net nutrient release (see Chapter 5). Accordingly, during the 
dry season there was a net release of ammonium and phosphate from the sediment into the 
water column. Likewise, there was a net uptake of NOx (nitrate + nitrite) and the consequent 
sink of N through denitrification coupled to nitrification (Dn = 9 mmol N m-2 d-1, Figure 6.4).  
On the contrary, during the wet season the water column was highly stratified, especially after 
rain events, with dissolved oxygen levels decreasing significantly towards the benthos. This 
might have the potential to decrease nitrification and consequently, decrease denitrifica t ion 
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coupled to nitrification, as suggested by Dn = 0 mmol N m-2 d-1 (Figure 6.4). Additionally, the 
BMA biomass increased during the wet season reducing the release of ammonium and 
increasing the uptake of phosphate; potentially further reducing the level of denitrifica t ion 
coupled to nitrification occurring in the benthos. As a consequence, denitrification decreased 
compared to the dry season and is only driven by nitrate from the overlying water. 
 
Benthic-pelagic Coupling 
In order to better understand the performance of each compartment, the water column and 
benthic elements were combined to represent the respective systems. The system at C1 (PH) 
showed a net uptake of oxygen from the water column and the benthos indicating a net oxygen 
consumption via respiration, which was higher than the oxygen production via photosynthes is; 
consequently, the system was net heterotrophic (Figure 6.4).  
Nutrient fluxes showed a release of reduced forms of N (ammonium) from the sediment into 
the bottom waters during both seasons, and there was a net release of phosphate. However, the 
concentration of dissolved nutrient levels in the water column did not reflect this, suggesting 
that these inorganic nutrients were being readily utilised by primary producers in the water 
column or were being exported to compartment 2. As shown by the LOICZ model (section 
6.3.4), during the dry season C1 exported inorganic forms of both P and N into C2. In contrast, 
during the wet season C1 imported DIP and DIN from C2, suggesting that C1 required more 
N to meet its metabolic requirements than that released during internal OM mineralization. 
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Figure 6.4. LOICZ box models for compartment 1 at Pacific Harbour during the dry and the 
wet season. The source of the nutrient stocks and fluxes can be found in Chapter 4 and 5, 
respectively. The direction of arrows shows an uptake or release of nutrients. Nutrient stocks 
of precipitation, groundwater and stormwater are not included in these budgets. 
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Figure 6.5. Dissolved inorganic nitrogen (DIN) to dissolved inorganic phosphorus (DIP) ratio 
in canal estate water column compared to Redfield ratio (N16:P1). 
 
6.3.3.1.2 Compartment 2 
By comparison, compartment 2 showed the following characteristics: 
 
Water Column Description 
The oxygen consumption via respiration in the water column at C2 was higher than the oxygen 
production via photosynthesis (Figure 6.6), suggesting that the water column was net 
heterotrophic. The water column respiration ranged between 0.23 and 0.19 mmol C m-2 d-1 
during the dry and the wet season, respectively. 
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During the dry season, the system denitrification was carried out only in the water column, 
with 0.86 mm N m-2 being released as N2 daily. On the contrary, during the wet season water 
column denitrification decreased to zero (Dn = 0 mmol N m-2 d-1, Figure 6.6). Additiona l ly, 
despite the high OM mineralisation and the net release of phosphate from the sediment into the 
water column, N to P ratios showed that water column was phosphorus limited during both 
seasons (Figure 6.5). This suggests that the inorganic P released during mineralisation of OM 
was being readily utilised by primary producers in the water column. Notably, the LOICZ 
model shown in section 6.3.4 shows that C2 was importing P from C1 and C3. 
 
Sediment Component Description 
There was a net oxygen uptake by the benthos, with 128 and 57 mmol C m-2 d-1 during the dry 
the wet season, respectively (Figure 6.6). Overall, Benthic OM mineralisation via respiration 
was higher than the oxygen production via photosynthesis, suggesting that the benthos was net 
heterotrophic.  
During the drier period, there was a net release of both ammonium and phosphate, and a net 
uptake of NOx from the benthos. Despite the uptake of NOx from the sediment, denitrifica t ion 
coupled to nitrification occurring in the benthos was zero (Dn = 0 mmol N m-2 d-1, Figure 6.6). 
In contrast, during the wet season there was a net uptake of ammonium and NOx, with a daily 
rate of 45 and 0.19 mmol N m-2, respectively. This increased the sink of N through benthic 
denitrification coupled to nitrification (Figure 6.6), with a daily loss of 0.33 mmol N m-2 during 
the rainy season. 
 
Benthic-pelagic Coupling 
Compartment 2 as a system was net heterotrophic all year round, with the oxygen consumptio n 
via respiration being higher than the oxygen production via photosynthesis (Figure 6.6). 
Nutrient fluxes showed that during the dry season N exported from the system in the form of 
N2 was small compared to other areas of Pacific Harbour (e.g. C1). Additionally, there was a 
net release of ammonium and phosphate from the sediments. LOICZ model suggests that both 
ammonium and phosphate were being taken up by primary producers (section 6.4.3). 
Moreover, the import of N and P from C1 and C3 into C2, suggest that this compartment 
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required more P to meet its metabolic requirements than that released during OM 
mineralization. 
In contrast, during the wet season benthic denitrification coupled to nitrification increased, and 
consequently the release of ammonium to the water column decreased. Additionally, the 
LOICZ model showed both P and N were being exported into C1 and C3. 
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Figure 6.6. LOICZ box models for compartment 2 at Pacific Harbour during the dry and the 
wet season. The source of the nutrient stocks and fluxes can be found in Chapter 4 and 5, 
respectively. The direction of arrows shows an uptake or release of nutrients. Nutrient stocks 
of precipitation, groundwater and stormwater are not included in these budgets. 
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6.3.3.1.3 Compartment 3 
Finally, the following observations were made in compartment 3: 
 
Water Column Description 
The water column in C3 showed an uptake of oxygen during both seasons and was the lowest 
compared to the other compartments located landwards, with water column respiration ranging 
between 0.13 and 0.07 mmol C m-2 d-1 during the dry and the wet season, respectively. The net 
oxygen consumption via respiration was higher than the oxygen production via photosynthes is 
and thus the water column was heterotrophic (Figure 6.7).  
During both seasons, there was no water column denitrification and all of the N loss as N2 was 
being carried out by the benthos. Despite the OM mineralisation occurring in the water column, 
N to P ratios suggest that water column was phosphorus limited (Figure 6.5). This indicates 
that the inorganic P released during mineralisation of OM was being readily utilised by primary 
producers in the water column. Furthermore, LOICZ model showed that the system was 
importing P from the estuary in order to meet its metabolic requirements (section 6.4).  
 
Sediment Component Description 
Benthic DO uptake was higher than that of the water column during both seasons (Figure 6.7), 
with 105 mmol C m-2 d-1 during the dry season, and 30 mmol C m-2 d-1 during the wet season. 
Overall, the benthic oxygen consumption in C3 via respiration was higher than the oxygen 
production via photosynthesis and thus sediment was net heterotrophic.  
During both seasons there was a net release of ammonium and a net uptake of NOx (nitrate + 
nitrite), with the consequent sink of N through denitrification coupled to nitrification (Dn 
ranging between 2.47 and 3.12 mmol N m-2 d-1, Figure 6.7). Despite inorganic phosphorus 
(phosphate) was released into the water column during the wet season, the upper layer 
dissolved nutrient concentration did not reflect this. 
 
Benthic-pelagic Coupling 
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During both seasons, oxygen consumption in the system via respiration was higher than the 
system oxygen production via photosynthesis in C3 (Figure 6.7), suggesting that the system 
was net heterotrophic. Additionally, there was a net sink of N through benthic denitrifica t ion 
coupled to nitrification during both seasons.  
The release of ammonium decreased slightly during the wet season while denitrification rate 
increased, suggesting that the ammonium being produced during the degradation of OM was 
being utilised on the denitrification coupled to nitrification process.  
During the wet season there was a net release of P into the water column. The LOICZ model 
suggests that during the dry season P was being readily taken-up by phytoplankton (section 
6.4). On the contrary, the LOICZ model showed that during the wet season P was being 
exported from C3 into the estuary. 
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Figure 6.7. LOICZ box models for compartment 3 at Pacific Harbour during the dry and the 
wet season. The source of the nutrient stocks and fluxes can be found in Chapter 4 and 5, 
respectively. The direction of arrows shows an uptake or release of nutrients. Nutrient stocks 
of precipitation, groundwater and stormwater are not included in these budgets. 
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6.3.3.2 Calypso Bay Canal Estate 
In the same way that is was done for Pacific Harbour, using the approach described above (see 
section 6.3.3.1), the results of LOICZ box modelling provided the following insights and 
knowledge. 
 
6.3.3.2.1 Compartment 1 
In the case of Calypso Bay canal estate, the following observations were made: 
 
Water Column Description 
During both seasons, there was a net uptake of oxygen via respiration, which was higher than 
the oxygen production via photosynthesis (Figure 6.8), suggesting that the water column was 
net heterotrophic. The water column respiration was higher during the dry season, with 0.28 
and 0.07 mmol C m-2 d-1 during the dry and the wet season, respectively. During the dry season, 
N to P ratios showed that the water column was P limited (Figure 6.5). In contrast, during the 
wet season N:P ratios suggest that the water column was N limited. LOICZ model showed that 
during the dry season C1 was exporting P, which can explain why the water column was P 
limited. During the wet season, LOICZ showed that C1 was exporting N, which would explain 
why the water column was N limited (section 6.3.4). Notably, during both seasons 
denitrification was carried out only by the benthos, with water column denitrification (Dw) 
being zero (Figure 6.8). 
 
Sediment Component Description 
Benthic OM mineralisation via respiration was higher than the oxygen production via 
photosynthesis, suggesting that the benthos at C1 was net heterotrophic (Figure 6.8). Benthic 
respiration was also higher during the dry season, with 117 and 80 mmol C m-2 d-1 during the 
dry and the wet season, respectively.  
Despite the OM mineralisation, during the dry season there was a net uptake of ammonium, 
nitrate+nitrite (NOx) and phosphate, which can be explained by the observed activity of BMA, 
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as well as the sink of N via denitrification coupled to nitrification (Dn = 3.54 mmol N m-2 d-1). 
On the contrary, during the rainy season there was a net efflux of ammonium and nitrate from 
the benthos into the water column, leading to a decrease in denitrification coupled to 
nitrification to a daily rate of 2.26 mmol N m-2 d-1. 
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Figure 6.8. LOICZ box models for compartment 1 at Calypso Bay during the dry and the wet 
season. The source of the nutrient stocks and fluxes can be found in Chapter 4 and 5, 
respectively. The direction of arrows shows an uptake or release of nutrients. Nutrient stocks 
of precipitation, groundwater and stormwater are not included in these budgets. 
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Benthic-pelagic Coupling 
In C1 the system was net heterotrophic, with a net uptake of oxygen from the water column 
and the benthos being higher than the oxygen production via photosynthesis (Figure 6.8).  
Nutrient fluxes showed that during the dry season there was a net uptake of nutrients and a 
removal of N through denitrification. Comparatively, during the wet season benthic 
denitrification coupled to nitrification reduced and inorganic N was released into the water 
column.  
Nonetheless and as suggested by the N:P ratios, the concentration of dissolved nutrient levels 
in the water column did not reflect this, with the water column being P limited during the dry 
season, and the water column being N limited during the wet season (Figure 6.5). As proposed 
for other locations, LOICZ model suggests that inorganic nutrients released by the benthos (N 
or P) were exported from C1 into other compartments (section 6.4). Notably, during the dry 
season, C1 imported N from C2 in order to meet its metabolic demand. In contrast, during the 
wet season C1 imported P from C2 in order to meet its metabolic demand. 
 
6.3.3.2.2 Compartment 2 
Compartment 2 at Calypso Bay showed the following trends: 
 
Water Column Description 
Despite the presence of pelagic primary production, oxygen fluxes in C2 showed a net uptake 
of oxygen during both the dry and the wet season. This indicates that the oxygen consumption 
via respiration was higher than the oxygen production via photosynthesis and therefore, the 
water column was heterotrophic. (Figure 6.9). The water column respiration ranged between 
0.24 and 0.27 mmol C m-2 d-1 during the dry and the wet season, respectively. 
During the dry seasons, there was a net release of inorganic P from the sediments into the water 
column, whereas during the wet season there was a net release of ammonium into the water 
column. However, N:P ratios showed that water column was P limited during the dry season 
(Figure 6.5).  
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Similarly, during the wet season and despite the net release of ammonium and NOx from the 
sediments into the water column, N:P ratios showed that water column was N limited (Figure 
6.5).  
 
Sediment Component Description 
Despite the presence of benthic primary production, oxygen uptake by the benthos was higher 
than that of the water column during both seasons (Figure 6.9), with respiration ranging 
between 86 and 27 mmol C m-2 d-1 during the dry and wet season, respectively. During the dry 
season, there was a net release of ammonium and phosphate from the sediment into the water 
column, and a net uptake of NOx into the sediment. However, there was no sink of N through 
denitrification coupled to nitrification during the dry season (Dn = 0 mmol N m-2 d-1, Figure 
6.9). Comparatively, during the wet season there was a net release of dissolved inorganic N in 
the form of ammonium and nitrate, with the subsequent loss of N through denitrifica t io n 
coupled to nitrification at a daily rate of 3.55 mmol N m-2 (Figure 6.9).  
 
Benthic-pelagic Coupling 
In view of the oxygen budget observed, C2 can be considered as being heterotrophic with 
respiration exceeding primary production (Figure 6.9). Similarly, during the dry season there 
was a net efflux of ammonium and phosphate from the sediment into the water column, and 
there was no evidence of denitrification in the sediment or in the water column (see Chapter 
5). Despite the efflux of phosphate from the sediments, the water column was P limited. 
Accordingly, LOICZ model showed a net export of inorganic P released due to OM 
mineralisation from C2 into C3 (section 6.3.4).  
By comparison, during the wet season, there was a net loss of N as N2 through denitrifica t ion 
coupled to nitrification (Figure 6.9). Again, LOICZ model showed that inorganic N had to be 
imported from C1 and C3 in order to meet the metabolic requirements (section 6.3.4).  
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Figure 6.9. LOICZ box models for compartment 2 at Calypso Bay during the dry and the wet 
season. The source of the nutrient stocks and fluxes can be found in Chapter 4 and 5, 
respectively. The direction of arrows shows an uptake or release of nutrients. Nutrient stocks 
of precipitation, groundwater and stormwater are not included in these budgets. 
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6.3.3.2.3 Compartment 3 
The observations that can be made in compartment 3 (Calypso Bay) are described below: 
 
Water Column Description 
Water column oxygen fluxes showed a net uptake due to high mineralisation rates (Figure 
6.10), with the oxygen consumption via respiration being higher than the oxygen production 
via photosynthesis and thus, water column was heterotrophic. The water column respiration 
rates were lower relative to compartments 1 and 2, with 0.16 mmol C m-2 d-1 during the dry 
season and 0.04 mmol C m-2 d-1 during the wet season. 
Despite the OM mineralisation occurring in the water column, N to P ratios suggest that during 
the dry season the water column was P limited (Figure 6.5). Similarly, N to P ratios suggest 
that during the wet season the water column was N limited (Figure 6.5). However, there was 
no evidence of the occurrence of water column denitrification during the wet season (Dw = 0 
mmol N m-2 d-1, Figure 6.10). The limitation of dissolved nutrient in water column suggests 
that inorganic nutrients (N, P) released during OM mineralisation were being readily utilised 
by primary producers in the water column, or that they were being exported.  
 
Sediment Component Description 
The oxygen consumption via respiration was higher than the oxygen production via 
photosynthesis and consequently, the benthos was net heterotrophic (Figure 6.10). Similar to 
other compartments, benthic respiration was higher than that of the water column during both 
seasons, with 71.9 mmol C m-2 d-1 during the dry season, and 26 mmol C m-2 d-1 during the wet 
season. 
Nutrient fluxes show that there was a net release of ammonium and phosphate during the dry 
season and a net uptake of NOx (nitrate + nitrite), with the consequent sink of N through 
denitrification coupled to nitrification (Dn = 0.76 mmol N m-2 d-1, Figure 6.10). On the 
contrary, during the wet season there was a net release of NOx and a net loss of N through 
denitrification coupled nitrification, with a daily rate of 8 mmol N m-2 (Figure 6.10). 
Additionally, the BMA biomass increased during the wet season indicating that the 
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consumption of ammonium by BMA could explain the decrease in the release of ammonium 
into the water column. 
 
 
 
Figure 6.10. LOICZ box models for compartment 3 at Calypso Bay during the dry and the wet 
season. The source of the nutrient stocks and fluxes can be found in Chapter 4 and 5, 
respectively. The direction of arrows shows an uptake or release of nutrients. Nutrient stocks 
of precipitation, groundwater and stormwater are not included in these budgets. 
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Benthic-pelagic Coupling 
The system in compartment 3 (CB) showed a net oxygen consumption via OM mineralisat ion. 
Similar to the other compartments, the system was net heterotrophic with the respiration being 
higher than oxygen production via photosynthesis (Figure 6.10).  
During the dry season, there was a net release of inorganic nutrients (ammonium and 
phosphate) from the benthos into the water column. The release of phosphate into the water 
column was not reflected by the water column concentrations of dissolved nutrients (Figure 
6.5). Accordingly, LOICZ model showed that inorganic P was being exported from C3 into the 
estuary, which would explain this P limitation.  
On the contrary, during the rainy season there was a net release of ammonium and NOx into 
the water column. However, N:P ratios suggests that the water column was N limited. The 
limitation of inorganic nutrients can be due to the export of inorganic N into C2, as shown by 
the LOICZ model (section 6.3.4).  
 
6.3.4 LOICZ Model Results 
The box models constructed for each canal estate system provide insight about the fluxes of 
water, salt and nutrients between compartments and between the canal estate system and the 
adjacent estuary. The box models were constructed for each season to gain insight into the 
fluxes of water, salt and nutrients between compartments and between the canal estate system 
and the adjacent estuary.  
In order to try and understand the potential of stormwater and groundwater inputs, the model 
was run without the stormwater and groundwater contribution, and with the storm and 
groundwater contribution. It is crucial to note that the groundwater flow estimates and nutrient 
concentration estimates are very rough and based on only one study within range of Pacific 
Harbour (Bribie Gardens, Gleeson 2012). Groundwater nutrient concentrations for Calypso 
Bay were taken from a tidal creek located south of Moreton Bay nearby the study location 
(Kangaroo Island, Gleeson 2013). Similarly, the stormwater contributions were estimated from 
an annual estimate for the South East Queensland area made by Chong et al. (2012). The 
stormwater nutrient levels were taken from the Australian Guidelines for Urban Stormwater 
Management (2000) and Lucke et al. (2018). It is recognised that it is difficult to make a more 
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accurate estimation without having measured stormwater and groundwater flows and 
nutriments but as a way to understand how the canal systems function when stormwater and 
groundwater are included. LOICZ models shown in Figure 6.11, Figure 6.12, Figure 6.15 and 
Figure 6.16 were assessed without including the nutrients stocks of precipitation, groundwater 
and stormwater. Figures 6.13, Figure 6.14, Figure 6.17 and Figure 6.18 include precipitat io n 
nutrient levels, and fluxes and concentrations of groundwater and stormwater. 
 
6.3.4.1 Pacific Harbour Canal Estate 
Box models for Pacific Harbour canal estate shown in Figure 6.11 and Figure 6.12 do not 
include nutrient stocks of precipitation, groundwater and stormwater. The blue boxes depicted 
in Figure 6.11 and Figure 6.12 show the water budget and indicate that there was a net export 
of water from the canal estate into the estuary during both seasons. The net export of water 
increases from Compartment 1 (C1) to Compartment 3 (C3) during both seasons. For example, 
during the dry season the net export from C1into Compartment 2 (C2) was 990 m3 d-1, while 
the export from C2 into C3 was 1,810 m3 d-1, and from C3 into the estuary was 2,700 m3 d-1. 
Notably, during the wet season the net export of water from inner compartments increases, 
with a net export of water from the canal of 3,790 m3 d-1. 
The orange boxes show that there was a net import of salt from the estuary into the canal estate 
during both seasons (Figure 6.11 and Figure 6.12). Overall, the amount of salt imported into 
the compartments decreased towards inland, with the lowest import of salt occurring at C1. 
During the dry season the net import of salt from the estuary into C3 was 98,010 m3 d-1 (Figure 
6.11). Comparatively, during the wet season the net import of salt from the estuary into C3 was 
higher relative to the dry season, with 140,480 m3 d-1 (Figure 6.12).  
The yellow and green boxes depict the phosphorus (P) and nitrogen (N) budgets respectively 
(Figure 6.11 and Figure 6.12). During the dry season there was a net import of DIN and DIP 
into the canal system from the estuary, with 0.5 mmol d-1 of DIP and 290 mmol d-1 of DIN 
being transported from the estuary into C3 (Figure 6.11). Additionally, during the dry season 
all three compartments consumed DIP, with C1 consuming 0.37 mmol d-1, C2 consuming 0.49 
mmol d-1, and C3 consuming 0.33 mmol d-1. Notably, the highest consumption of DIP occurred 
in C2.  
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Similarly, during the dry season all three compartments consumed DIN (Figure 6.11). The 
highest consumption also occurred in C2, with 210 mmol d-1 of DIN. This suggests that in this 
compartment was where most of the recycling of nutrients was occurring and inorganic forms 
of P and N released during organic matter (OM) mineralization were being taken up by primary 
producers (pelagic and/or benthic), or in the case of DIN, it was being exported from the system 
by denitrification in the form of N2. 
In comparison, during the wet season there was a net export of DIP from the canal system into 
the estuary (Figure 6.12). Out of the 260 mmol d-1 of DIP being produced by C3, 270 mmol d-
1 were being exported into the estuary. There was a net transport of DIP from C2 into C1 at a 
rate of 2.7 mmol d-1; however, this compartment only consumed 2 mmol d-1 of DIP. 
On the contrary, during the wet season there was a net import of DIN from the estuary into the 
canal system (Figure 6.12). However, only C1 and C3 consumed DIN at a lower rate compared 
to the dry season. Notably, the consumption of DIN observed at C2 during the dry season 
shifted to a net production DIN, at a rate of 46 mmol d-1. The export of inorganic N from C2 
suggests that this nutrient was not being recycled, instead it was being exported to other areas 
of the canal estate (e.g. C1, C3). 
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Figure 6.11. Water budget (blue boxes), salt budget (orange boxes), phosphate budget (yellow 
boxes) and nitrogen budget (green boxes) for the Pacific Harbour system during the dry season. 
Water flux is in 103 m3 d-1; salinity flux is in 103 PSU m3 d-1; nutrient fluxes are in mol d-1; and 
net ecosystem metabolism (NEM) is in mol C d-1. Definition of acronyms used here are found 
in Appendix 1, Table 9.1 (Chapter 9). This model does not include nutrient stocks of 
precipitation, groundwater and stormwater. 
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Figure 6.12. Water budget (blue boxes), salt budget (orange boxes), phosphate budget (yellow 
boxes) and nitrogen budget (green boxes) for the Pacific Harbour system during the wet season. 
Water flux is in 103 m3 d-1; salinity flux is in 103 PSU m3 d-1; nutrient fluxes are in mol d-1; and 
net ecosystem metabolism (NEM) is in mol C d-1. Definition of acronyms used here are found 
in Appendix 1, Table 9.1 (Chapter 9). This model does not include nutrient stocks of 
precipitation, groundwater and stormwater. 
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Notably, when the stormwater and groundwater contributions are considered, the water budget 
showed the same tendency, with a net export of water from the canal estate into the estuary 
during both seasons (Figure 6.13 and Figure 6.14). Similarly, the net export of water also 
increased from C1 to C3 during both seasons. However, the rate at which water was exported 
from one compartment into another decreased compared to the box models that do not include 
fluxes of groundwater and stormwater. During the dry season, the net export from C1 into C2 
decreased in 2.02%, while the export from C2 into C3 decreases in 1.1%, and from C3 into the 
estuary decreased in 0.3% (Figures 6.13). Similarly, the increase in the net export of water from 
inner compartments into the estuary observed during the wet season was also shown by this 
box model but the net export of water from the canal into the estuary increased in a 0.7% 
(Figures 6.14).  
The salt budget including the fluxes of groundwater and stormwater also showed that there was 
a net import of salt from the estuary into the canal estate during both seasons. Similarly, the 
amount of salt imported into the compartments decreased towards inland, with the lowest 
import of salt occurring at C1. The net import of salt from the estuary into C3 decreased in a 
0.33% during the dry season and in 0.18% during the wet season (Figures 6.14).  
The nutrient budget including the nutrient stocks and fluxes of precipitation, groundwater and 
stormwater showed a similar trend with a net import of DIN and DIP into the canal system 
from the estuary during the dry season (Figures 6.13). In the same way, all three compartments 
consumed DIN and DIP, with the highest consumption occurring at C2. Additionally, the rate 
at which DIP was being imported from the estuary into C3 remained the same (0.5 mmol d-1), 
as well as the rate at which DIN was being transported from the estuary into C3 (290 mmol d-
1). Likewise, the rate at which DIP and DIN were being consumed at each compartment was 
the same. 
On the contrary, during the wet season the nutrient budget showed a net import of DIP from 
the estuary into the canal system at a rate of 62 mmol d-1 and C3 showed a shift from production 
of DIP towards consumption of DIP at a rate of 75 mmol d-1 (Figures 6.14). The rates and fluxes 
between compartments C1 and C2 were the same as in the LOICZ model that does not include 
the storm and groundwater. Similarly, during the wet season DIN fluxes displayed a shift 
towards a net export of DIN from the canal system into the estuary at a rate of 5.6 mmol d-1 
(Figures 6.14). Additionally, the rate at which DIN was being produced in C3 decreased in 
68%. 
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Figure 6.13. Water budget (blue boxes), salt budget (orange boxes), phosphate budget (yellow 
boxes) and nitrogen budget (green boxes) for the Pacific Harbour system during the dry season. 
Water flux is in 103 m3 d-1; salinity flux is in 103 PSU m3 d-1; nutrient fluxes are in mol d-1; and 
net ecosystem metabolism (NEM) is in mol C d-1. Definition of acronyms used here are found 
in Appendix 1, Table 9.1 (Chapter 9). This model includes nutrient stocks of precipitat ion, 
groundwater and stormwater. 
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Figure 6.14. Water budget (blue boxes), salt budget (orange boxes), phosphate budget (yellow 
boxes) and nitrogen budget (green boxes) for the Pacific Harbour system during the wet season. 
Water flux is in 103 m3 d-1; salinity flux is in 103 PSU m3 d-1; nutrient fluxes are in mol d-1; and 
net ecosystem metabolism (NEM) is in mol C d-1. Definition of acronyms used here are found 
in Appendix 1, Table 9.1 (Chapter 9). This model includes nutrient stocks of precipitat ion, 
groundwater and stormwater. 
 
  240 
 
6.3.4.2 Calypso Bay Canal Estate 
Box models for Calypso Bay canal estate shown in Figure 6.15 and Figure 6.16 do not include 
nutrient stocks of precipitation, groundwater and stormwater. Similar to Pacific Harbour, the 
water budget (blue boxes) indicates that there was a net export of water from the canal estate 
into the estuary during both seasons. During both seasons, the net export of water increased 
from inner compartments (C1) towards the compartment that was closer to the estuary (C3). 
For example, during the dry season 400 m3 d-1 were exported from C1 into C2, and 1,100 
exported from C3 into the estuary (Figure 6.15). This net export of water increased during the 
wet season, with 570 m3 d-1 being exported from C1 into C2, and 1,570 m3 d-1 being exported 
from C3 into the estuary (Figure 6.16). 
The salt budget (orange boxes) showed that there is a net import of salt from the estuary into 
the canal estate during both seasons (Figure 6.155 and Figure 6.166). However, the amount of 
salt imported from the estuary into the compartments decreased towards inland. For example, 
during the dry season the transport of salt from C2 into C1 was 14,660 m3 d-1 but the transport 
from the estuary into C3 was 40,590 m3 d-1 (Figure 6.15). Comparatively, the amount of salt 
transported during the wet season increased, with a net import of salt from the estuary into C3 
of 57,760 m3 d-1 (Figure 6.16). Similarly, the transport of salt from C2 into C1 was higher 
during the wet season, with 20,940 m3 d-1.  
As for the Pacific Harbour models, the Calypso Bay phosphorus (P) and nitrogen (N) budgets 
are depicted in the yellow and green boxes respectively (Figure 6.155 and Figure 6.166). 
During the dry season, there was a net export of DIP from the canal estate into the estuary at a 
rate of 0.75 mmol d-1 (Figure 6.15). Additionally, C1 and C2 produce DIP at a rate of 0.01 and 
0.63 mmol d-1. On the contrary, there was a net import of DIN from the estuary into the canal 
estate during winter time, with 200 mmol d-1 entering the canal. Compartments 2 and 3 
consumed between 84 and 230 mmol d-1 of DIN respectively. This suggests that the canal estate 
required more N to meet its metabolic requirements than that released during OM 
mineralization. 
Notably, the highest consumption of DIP and DIN occurred at C3, suggesting that in this 
compartment was where most of the recycling of nutrients was occurring and inorganic forms 
of P and N released during organic matter (OM) mineralization may be readily taken up by 
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primary producers (pelagic and/or benthic), or in the case of DIN, it was being exported from 
the system by denitrification in the form of N2. 
Comparatively, during the wet season nutrient budgets showed a net import of DIP and DIN 
from the estuary into the canal estate (Figure 6.16). Additionally, there was a net export of DIP 
from C2 into C1 and C3. Despite this transport, there was a deficit of P in compartment 1 and 
3 suggesting that the inorganic form of P being released by OM mineralisation was not 
sufficient to meet the P requirements in this section of the canal system.  
The import of DIN from the estuary into the canal system during the wet season increased to 
330 mmol d-1, with the highest consumption of DIN occurring at C3 (320 mmol d-1). This 
findings agree with the highest denitrification rates observed during the dry season occurring 
at C3 (station 5, Chapter 5). This indicates that during both seasons, C3 was where most of the 
uptake of nitrogen was occurring and that the reduced forms of N released during organic 
matter (OM) mineralization were being consumed by primary producers (pelagic and/or 
benthic), or it was being exported from the system by denitrification in the form of N2.  
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Figure 6.15. Water budget (blue boxes), salt budget (orange boxes), phosphate budget (yellow 
boxes) and nitrogen budget (green boxes) for the Calypso Bay system during the dry season. 
Water flux is in 103 m3 d-1; salinity flux is in 103 PSU m3 d-1; nutrient fluxes are in mol d-1; and 
net ecosystem metabolism (NEM) is in mol C d-1. Definition of acronyms used here are found 
in Appendix 1, Table 9.1 (Chapter 9). This model does not include nutrient stocks of 
precipitation, groundwater and stormwater. 
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Figure 6.16. Water budget (blue boxes), salt budget (orange boxes), phosphate budget (yellow 
boxes) and nitrogen budget (green boxes) for the Calypso Bay system during the wet season. 
Water flux is in 103 m3 d-1; salinity flux is in 103 PSU m3 d-1; nutrient fluxes are in mol d-1; and 
net ecosystem metabolism (NEM) is in mol C d-1. Definition of acronyms used here are found 
in Appendix 1, Table 9.1 (Chapter 9). This model does not include nutrient stocks of 
precipitation, groundwater and stormwater. 
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Notably, when the stormwater and groundwater contributions are considered, the water budget 
showed the same tendency, with a net export of water from the canal estate into the estuary 
during both seasons (Figures 6.17 and Figure 6.18.). Similarly, the net export of water also 
increased from C1 to C3 during both seasons. The rate at which water was exported from one 
compartment into another was lightly higher compared to the box models that do not include 
fluxes of groundwater and stormwater. For example, during the dry season the net export from 
C1into C2 increased in 2.4%, while the export from C2 into C3 increased in 2.3%, and from 
C3 into the estuary increased in 2.6% (Figures 6.17). During the wet season, there was also an 
increase in the net export of water from inner compartments into the estuary but the rates were 
higher relative to the nutrient budget that does not include groundwater and stormwater fluxes. 
Notably, the increase of water export from the canal system into the estuary was of 59% 
(Figures 6.18). 
Salt budget including the fluxes of groundwater and stormwater also showed that there was a 
net import of salt from the estuary into the canal estate during both seasons. Similarly, the 
amount of salt being imported into the compartments decreased towards inland, with the lowest 
import of salt occurring at C1. The net import of salt from the estuary into C3 during the dry 
season showed a slight increase of the 2.4% (Figures 6.17). Notably, during the wet season the 
net export of salt from the estuary into the canal system increased in 58.8% (Figures 6.18).  
Nutrient budget including the nutrient stocks and fluxes of precipitation, groundwater and 
stormwater showed a similar trend with a net export DIP from the canal system into the estuary 
and a net import of DIN into the canal system from the estuary during the dry season (Figures 
6.17). However, the rate at which DIP was being imported into the canal estate increases in 2.5 
and 59% during the dry and wet season respectively. Similarly, the rate at which DIP was being 
produced at C2 increased in 3% during the dry season and 55% during the wet season. 
Comparatively, during the dry season the rate at which DIN was being imported from the 
estuary into the canal system remained the same. Also, the highest consumption of DIP and 
DIN occurred in C3 highlighting that in this compartment was where most of the recycling of 
nutrients takes place. 
During the wet season, the model including the nutrient stocks and fluxes of precipitat ion, 
groundwater and stormwater showed a similar trend with a net import DIP and DIN from the 
canal system into the estuary (Figures 6.18). However, the exchange rate at which DIN entered 
the canal estate increased by 58 % (Figures 6.18). The highest consumption of DIN also 
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occurred at C3 but at a higher rate (57%), suggesting that again C3 was where most of the 
uptake of nitrogen was occurring and that the reduced forms of N released during organic 
matter (OM) mineralization were being consumed by primary producers (pelagic and/or 
benthic), or it was being exported from the system by denitrification in the form of N2.  
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Figure 6.17. Water budget (blue boxes), salt budget (orange boxes), phosphate budget (yellow 
boxes) and nitrogen budget (green boxes) for the Calypso Bay system during the dry season. 
Water flux is in 103 m3 d-1; salinity flux is in 103 PSU m3 d-1; nutrient fluxes are in mol d-1; and 
net ecosystem metabolism (NEM) is in mol C d-1. Definition of acronyms used here are found 
in Appendix 1, Table 9.1 (Chapter 9). This model includes nutrient stocks of precipitat ion, 
groundwater and stormwater. 
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Figure 6.18. Water budget (blue boxes), salt budget (orange boxes), phosphate budget (yellow 
boxes) and nitrogen budget (green boxes) for the Calypso Bay system during the wet season. 
Water flux is in 103 m3 d-1; salinity flux is in 103 PSU m3 d-1; nutrient fluxes are in mol d-1; and 
net ecosystem metabolism (NEM) is in mol C d-1. Definition of acronyms used here are found 
in Appendix 1, Table 9.1 (Chapter 9). This model includes nutrient stocks of precipitat ion, 
groundwater and stormwater. 
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6.4 Discussion 
As shown in Table 6.6, previous uses of LOICZ in Australian suggest that systems of South 
East Queensland were mainly autotrophic and they require P for sustainability (Smith & 
Crossland 1999). DIP and DIN fluxes, as well as Net Ecosystem Metabolism (NEM) and N 
fixation minus denitrification (nfix – denit.) values were within the range for Australian sub-
tropical estuaries (Table 6.6). 
Net ecosystem metabolism (NEM) values indicate that all three compartments at PH were 
autotrophic during the dry season (Table 6.6), and consequently, they were a sink for P. 
However, during the wet season only C1 was autotrophic, with a net sink of N and P. in 
comparison, C2 and C3were heterotrophic and a source of P, with NEM and (nfix – denit.) 
values being in the higher range for Australian sub-tropical estuaries (Table 6.6). Such high 
values agree with what has been recorded in Australian systems of similar latitude that are 
exposed to high land use (Smith & Crossland 1999). 
Net ecosystem metabolism (NEM) at Calypso Bay showed that during the dry season C1 and 
C2 were heterotrophic and a source of N and P (Table 6.6). Comparatively, C3 was autotrophic 
and a sink of N and P. Further, DIP and DIN fluxes, as well as NEM and (nfix – denit.) values 
were within the range for Australian sub-tropical estuaries (Table 6.6). Nonetheless, during the 
wet season only C2 was heterotrophic and a source of P. On the contrary, C1 and C3 were 
autotrophic and a net sink of N and P. Additionally, NEM in all three compartments was in the 
higher range for Australian sub-tropical estuaries (Table 6.6). Similar to PH, the high NEM 
values described for CB agree with what has been recorded in Australian systems of similar 
latitude that are exposed to high land use (Smith & Crossland 1999). 
 
Table 6.6. Non-conservative flux of inorganic P and N, calculations of Net Ecosystem 
Metabolism (p-r) and (nfix - denit) at Pacific Harbour canal estate. NEM and (nfix - denit) 
calculations were calculated assuming a Redfield C to N to P ratio of 106:16:1. Data for 
Caboolture, Brisbane, Logan, Richmond and Tweed estuaries were taken from Smith and 
Crossland (1999). These values do not include nutrient stocks of precipitation, groundwater 
and stormwater. 
System Season Compartment ΔDIP ΔDIN NEM  
(nfix – 
denit)  
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(mmol m-2 
d-1) 
(mmol m-2 
d-1) 
(mmol m-
2d-1) 
(mmol m-2 
d-1) 
Pacific 
Harbour 
Dry 
1 -0.37 -27 40 -21 
2 -0.49 -210 52 -200 
3 -0.33 -220 35 -210 
Wet 
1 -2 -2.4 210 30 
2 15 46 -1,590 -190 
3 260 -45 -27,120 -4,140 
Calypso 
Bay 
Dry 
1 0.01 58 -1.1 57 
2 0.63 -84 -66 -94 
3 -0.68 -230 72 -220 
Wet 
1 -1.1 -13 120 5.5 
2 4.9 -46 -520 -120 
3 -5.2 -320 550 -240 
Caboolture -0.23 1.0 24.2 4.7 
Brisbane -0.37 2.5 39.5 8.5 
Logan -1.44 -3.1 152.5 19.9 
Richmond -0.07 -3.3 7.5 -2.1 
Tweed -0.17 3.1 18.2 5.9 
 
Notably, when the stormwater and groundwater contributions are included into the LOICZ 
framework, the models displayed the following variations. The trend of PH being a sink for 
DIP and DIN during the dry season did not change, as well as the rates observed in this system 
over that period. However, during the wet season, when we included the stormwater and 
groundwater terms, C3 shifted towards autotrophy and behaved as a sink for P, highlight ing 
the importance that stormwater and groundwater contributions may have for the system. 
In contrast, when the same adjustments were made to the model in Calypso Bay, the sink and 
source trends remained the same but the rates at which these processes occurred changed 
slightly, as explained in the previous section. During the dry season CB was as sink of P but a 
source of N; whereas during the wet seasons CB system was a sink of both N and P.  
 
Table 6.6. Non-conservative flux of inorganic P and N, calculations of Net Ecosystem 
Metabolism (p-r) and (nfix - denit) at Pacific Harbour canal estate. NEM and (nfix - denit) 
calculations were calculated assuming a Redfield C to N to P ratio of 106:16:1. Data for 
Caboolture, Brisbane, Logan, Richmond and Tweed estuaries were taken from Smith and 
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Crossland (1999). These values include nutrient stocks of precipitation, groundwater and 
stormwater. 
System Season Compartment 
ΔDIP 
(mmol m-2 
d-1) 
ΔDIN 
(mmol m-2 
d-1) 
NEM  
(mmol m-
2d-1) 
(nfix – 
denit)  
(mmol m-2 
d-1) 
Pacific 
Harbour 
Dry 
1 -0.37 -27 40 -21 
2 -0.49 -210 52 -200 
3 -0.33 -220 35 -210 
Wet 
1 -2 -2.4 220 30 
2 15 46 -1,600 -190 
3 -75 -45 7,940 1,180 
Calypso 
Bay 
Dry 
1 0.01 56 -1.1 56 
2 0.65 -84 -69 -95 
3 -0.68 -240 72 -230 
Wet 
1 -3 -210 320 -160 
2 11 -88 -1,130 -260 
3 -12 -760 1,270 -570 
 
6.5 Conclusion 
In this chapter the LOICZ box model results illustrated how the spatial and temporal variation 
in nutrient stocks, flows and budgets across a canal system can lead to a net result for the 
associated external estuary. The LOICZ models were run for both seasons separately with the 
two study locations behaving differently. In this contexts, Pacific Harbour canal system acted 
as a sink for P and N during the dry season (Figure 6.19), while Calypso Bay acted as a sink 
for P and a source for N (Figure 6.21). However, during the wet season Pacific Harbour acted 
as a source for DIP and a sink for DIN, while Calypso Bay acted as a sink of both DIP and DIN 
(Figure 6.19). According to N:P sediment ratios (Chapter 5), PH system contained more P 
relative to N than there was in CB system, which would explain the export of P from the system 
into the estuary. Similarly, Calypso Bay in the wet season had much higher N:P ratios, 
indicating that it had a deficit of P and therefore, it required to export P from the estuary to 
meet its metabolic requirements. 
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Figure 6.19. LOICZ box models for Pacific Harbour canal system during the dry and the wet 
season. The direction of arrows shows an uptake or release of nutrients. This model does not 
include nutrient stocks of precipitation, groundwater and stormwater. 
 
When the LOICZ model was run and included the stormwater and groundwater contribut ion, 
PH was a source of DIN and a sink for DIP (Figure 6.20), suggesting that the system imported 
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P in order to meet its metabolic requirements. In addition, the underlying geology at PH is 
partly sand but also contains clays and ‘coffee rock’ (Talius et al. 2011), which interact 
differently with P and may take up or bind an amount of the P in the system. This should be 
the subject of a further study. 
 
 
Figure 6.20. LOICZ box model for Pacific Harbour canal system during the wet season. The 
direction of arrows shows an uptake or release of nutrients. This model includes nutrient stocks 
of precipitation, groundwater and stormwater. 
 
In Calypso Bay, the addition of stormwater and groundwater contributions in the LOICZ model 
makes no difference to the net direction of fluxes for N or P (Figure 6.21). However, it does 
lead to an increase in the influx for N and P from the estuary into the canal system. Two points 
should be considered here. Firstly, unlike Pacific Harbour, Calypso Bay canals were built in a 
geology which is very sandy but also comprises ‘coffee rock’ and other geological elements 
(Harbison 2007) that may interact with P to reduce its bioavailability. This has been shown 
elsewhere by Dijkstra et al. 2018, Dijkstra 2017. 
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Figure 6.21. LOICZ box models for Calypso Bay canal system during the dry and the wet 
season. The direction of arrows shows an uptake or release of nutrients.  
 
The second point is that the groundwater data available for this part of the South East 
Queensland coastline is very patchy and there is no data available from within 100 km of the 
site. In that context, one has to be weary that the data may be misleading. This clearly requires 
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further research on the groundwater in the system to improve the model and the strength of its 
outputs.  
The other key insight from the models is the necessity to better estimate volumes of flows and 
nutrient contents from stormwater inputs. Whilst a reasonable attempt has been made here to 
calculate stormwater inputs to both study systems, further research is necessary to describe this 
more accurately and again improve the relative accuracy of the model. 
  255 
 
Chapter 7. Discussion and Conclusions 
7.1 New Understanding of Canal Estates and Management Implications 
As highlighted in the introduction of this thesis, the increase in human population has resulted 
in significant alterations to coastal systems (Wolanski 2013; Wolanski & Elliot 2015). Among 
the different environmental impacts associated with coastal population growth, housing 
development and expansion of the associated infrastructure continues to play a significant role 
(e.g. Kennish 2002; Wolanski 2013). In this regard, the replacement of rivers, wetlands and 
coastal areas by artificial canal estates is of great concern and can have profound impacts on 
the adjacent environments (Reilly & Phillips 1998). Notably, the construction of residentia l 
canal estates widens the estuarine environment (Dunn et al. 2014) and can potentially cause 
significant alterations to complex physical, chemical and biological processes (Alongi 1998). 
Within the current study, two canal estates were investigated. Their selection was primar ily 
based on their physical construction and their location in a geographic zone were canal 
development is most common in the Australian context. Together, they reflect the typical 
features of canal estates in Australia as well as many other locations globally. 
As noted previously, there have been some attempts to define the ecological role of residentia l 
canal estates (Cosser 1989; Morton 1989; Morton 1992; Moss 1989; Maxted et al. 1997; 
Lemckert 2006). Existing research shows that due to their intricate shape and bathymetry one 
of the main functional changes that can result from canal construction is the reduction in water 
exchange with the source (e.g. estuary) and the progressive decrease in water exchange towards 
the dead-end of the canal (Moss 1989; Maxted et al. 1997). Additionally, the poor connection 
to the water source (e.g. estuary) added to the irregular bathymetry has the potential to cause 
vertical and horizontal stratification of the water column (Atkins 1989; Moss 1989; Lemckert 
2006). Typically, a less dense and brackish, layer of water often sits on top of a more saline 
and dense layer of water due to altered freshwater inputs via stormwater and associated urban 
structure. As a result, the deeper and more enclosed waters are less likely to be replenished and 
stays trapped near the bottom in pockets (Lemckert 2006). This is consistent with the 
stratification conditions described for the case study sites investigated by this research (Chapter 
4). 
Although canal estates do not receive riverine inputs, they typically receive high loads of 
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untreated urban stormwater and a diversity of household and lawn care products during rain 
events (Maxted et al. 1997). Accordingly, increased nutrient loads can fuel high primary 
production rates carried out by the plankton communities that live in the water column (Maxted 
et al. 1997; this thesis). Thus, canal estates generally show high levels of nutrients and 
phytoplankton concentrations, especially at dead-end canals (Maxted et al. 1997; this thesis). 
Moss (1989) showed that low tidal flow allows dead phytoplankton and other microorganisms 
to settle down the bottom favouring the accumulation of decomposing organic matter on the 
sediment (this thesis). This, added to water stratification, can lead to depletion of bottom water 
dissolved oxygen (Lemckert 2006) and the accumulation of anthropogenic and other materia ls 
(Maxted et al. 1997; this thesis). The results of the current thesis confirm these key notions 
about canal estate systems (see Chapter 4) and further highlight the potential for urban 
development to significantly alter the nutrient cycling in such ecosystems. 
As a consequence of the depletion of bottom water dissolved oxygen, canal estate sediments 
have been shown to undergo a modification in the benthic community structure. Abundance, 
biomass, growth and reproduction rates of the benthic fauna found in canal estates are lower 
than those found in coastal bays (Lindall & Trent 1976; Cosser 1989; Maxted et al. 1997). 
Cosser (1989), for example, found that the change in the community distribution and structure 
found in canal estates of The Gold Coast, Australia, was due to critical low dissolved oxygen 
(DO) levels and the accumulation of fine organic sediments. Likewise, Maxted et al. (1997) 
reported that the benthic community of dead-end canals from Maryland, The United States, is 
generally dominated by oligochaetes, organisms that are known to be tolerant to pollutants and 
low levels of dissolved oxygen. Whilst it was beyond the scope of the current project to assess 
benthic communities, the overall function of the respective canal estates support the potential 
for such a changes to occur. For example, accumulation of organic carbon and fine sediments 
in the study site (section 5.3.2, Chapter 5), as well as low DO values at inner sites (section 
4.3.1.2, Chapter 4) are similar to findings of Cosser (1989). 
In view of the issues described above, there is a consequent potential for significant alterations 
in keystone biogeochemical processes such as aerobic and anaerobic respiration and nutrient 
cycling. In this context, the often-expansive area occupied by canal estates may represent a 
significant change to the wider ecosystem performance and its role in wider coastal ecosystem 
performance. Despite this, there is little published research describing the biogeochemica l 
function and behaviour of canal estates; especially with regard to the wider role they may play 
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as sources or sinks for nutrients and materials within the wider estuarine setting.  
On the basis of these knowledge gaps, this research aimed to characterize the key physical, 
chemical and biological attributes of the water column and benthos of two residential canal 
estates located in South East Queensland, Australia. Accordingly, the first objective of this 
research was to identify the main features of artificial canal estates that are likely to influence 
C, N and P cycles.  
During the baseline study undertaken during the first phase of this research, it was shown that 
the canal estates were not homogeneous within themselves and demonstrate physical and 
chemical behaviors that are different to what might be expected from a natural estuary in the 
same location (section 4.3.1.3, Chapter 4). The research included the characterization of canal 
estate bathymetry, water column physic-chemical and bio-physical features, as well as water 
column and sediment nutrient standing stocks. Results showed that the canal estates have an 
irregular bathymetry with the deepest areas favoring the accumulation of organic matter 
(section 4.3.1.1 and 4.3.1.5, Chapter 4), consistent with the findings of Lindall & Trent (1976) 
and Cosser (1989). Further, sources of freshwater inputs were identified, including stormwater 
drains, land runoff and groundwater. The interactions of these sources with the tides were 
shown to be important for generating water column stratification or layering (section 4.4.1.2, 
Chapter 4), and also had implications for water column nutrient concentrations; these 
influences being most notable during or shortly after rain events. 
Importantly, water column physico-chemical characteristics also showed spatial and temporal 
variations (Chapter 4). Spatially, inner areas of the canal present a water column more prone 
to layering or stratification based on salinity, turbidity and dissolved oxygen profiles at certain 
times in some locations. By comparison, while sites closer to canal system mouth are well-
mixed. This agrees with the reduction in water exchange with the source (e.g. estuary) and the 
progressive decrease towards the end of the canal that has been described by several authors 
(Moss 1989; Maxted et al. 1997). Tidal fluctuations were also seen to influence water column 
layering, with parcels of water moving upward and downward the canal with the tide (section 
4.3.1.2 and 4.4.1.2, Chapter 4). A similar trend in vertical and horizontal differences in water 
quality has been described for other canal estates of the Gold Coast, Australia (Lemckert 2006). 
As mentioned previously, this layering of the water column was most pronounced during the 
wet season when freshwater inputs were highest and sometimes locally intense.  
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With regard to water column dissolved nutrients levels, inner stations in the respective canal 
estates showed the highest concentration of dissolved nutrients and Chl-a, as well as the highest 
turbidity and light attenuation. This strongly supports the conclusions drawn by Maxted et al. 
(1997) who similarly showed such results for canal estates in Delaware and Maryland, USA. 
Seasonally, this trend is increased during the rainy season. Notably, Chl-a concentrations 
during the wet season are higher than has been described for healthy estuaries in South East 
Queensland, Australia (Australian and New Zealand Guidelines for Fresh and Marine Water 
Quality); they are in the range of values found in eutrophic estuaries (Lalli & Parson 1997). 
High nutrient loads and phytoplankton have already been described for inner areas of other 
canal estates (Moss 1989; Morton 1992; Maxted et al. 1997) suggesting this result is a common 
seasonal response where rainfall varies significantly. In view of these results the canal estates 
and the management of their water quality need to be considered as spatially variable and so 
any attempts to address anthropogenic impacts on community metabolism or nutrient budgets 
must firstly understand what the specific local variability is, and then include this in any 
ensuing assessments and intervention or strategies. 
Associated with primary production levels and the potential influence of water residence times, 
high levels of organic matter were measured in benthic sediment in the current study (section 
4.3.1.5 and 4.4.1.5, Chapter 4) and underpins dissolved oxygen (DO) consumption in bottom 
waters as illustrated in water column DO profiles (section 4.3.1.2 and 4.4.1.2, Chapter 4). As 
a consequence, inner areas of the canal, where the water column can become stratified due to 
salinity differences, can also experience oxygen depletion towards the bottom. Again, this 
condition is enhanced during the wet season, reaching conditions of hypoxia in bottom waters 
of dead-end canals (section 4.3.1.2 and 4.4.1.2, Chapter 4). As discussed further later, this can 
enhance the differences in community metabolism and nutrient cycling at these locations such 
that they may need specifically targeted management interventions that may not be necessary 
across the wider canal system. 
Analysis of sediment Chl-a content showed the presence of active benthic microalgae (BMA) 
in these case study canal estate case study (Chapter 4). However, BMA the observed biomass 
was in the lower range reported for Australian subtropical estuaries (Lukatelich & McComb 
1986; Ferguson et al. 2003; Eyre & Ferguson 2006), as well as those reported for the Moreton 
Bay (Dennison & Abal 1999) and for other estuaries in Europe and North America (Barranguet 
et al. 1997; Underwood & Kromkamp 1999; Grippo et al. 2010). This agrees with previous 
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studies undertaken in Australian canal estates which show that the benthic productivity of 
residential waterways is considerably reduced compared to a natural embayment due to the 
influences canals place on aspects such as light availability, water exchange and nutrient 
dynamics (Cook et al. 2007). In this context, the ability of canal estates to build dissolved 
nutrients into benthic communities via BMA is limited and thus favours capture via 
heterotrophic processes utilising both autochthonous and allochthonous sources. 
In the second phase of this project effort was made to identify the main biogeochemica l 
pathways for carbon, nitrogen and phosphorus, and to assess potential implications these 
findings may have for canal estate management. Accordingly, the second objective of this 
research was to characterize the key internal biogeochemical processes of canal estates.  
As a result of this work, a number of important insights were gained at the specific location 
level, as well as for the whole of system level for the canal estate (Chapter 5). In the first 
instance, it was seen that the majority of system primary production occurs in the water column, 
whilst benthic primary productivity is not a major contributor to the systems primary 
production overall (section 5.3.3 and 5.4.3, Chapter 5). Despite the presence of active BMA, 
system respiration rates generally exceed primary production, and thus there is a net 
consumption of oxygen. As suggested earlier, this highlights the significance of 
heterotrophically driven processes in controlling oxygen budgets and potentially in 
underpinning carbon and nutrient cycling in these canal systems. 
As shown in the LOICZ models, this situation varied between seasons and locations within the 
respective canal estates (section 4, Chapter 6) but verified that the respective systems were 
generally heterotrophic reflecting both autochthonous and allochthonous carbon and oxygen 
inputs (section 5.3.4 and 5.4.4, Chapter 5). This situation agrees with studies from other long 
residence time coastal ecosystems (Ferguson & Eyre 2010; Eyre & McKee 2002; Lohrenz et 
al. 1999) where heterotrophy predominated in the ecosystems. 
By corollary, nutrient fluxes commonly showed a net release of compounds typical of reducing 
rather than oxidised conditions. Accordingly, ammonium and phosphate were commonly 
released from the sediment to the water column indicating that these canal estates are behaving 
like enriched estuaries (Chapter 5). Of note, however, the decrease in ammonium release during 
day time at some sites, as well as the reduction in NOx flux rates, suggests that BMA and 
nitrifiers are also competing for reduced forms of nitrogen (e.g. ammonium) (section 5.3.5 and 
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5.4.5, Chapter 5). This phenomenon was then seen to link with a decrease in coupled 
nitrification-denitrification at some locations during the wet season. Importantly, however, 
denitrification measurements showed that there is a great potential for some locations to behave 
as a sink for N, but this potential is decreased during the wet season when there is an increased 
potential for the transport of dissolved nutrients into other areas of the canal estate or to adjacent 
estuaries (section 5.3.5 and 5.4.5, Chapter 5). This coupling between water quality 
characteristics, N and C cycling processes and seasonality again add to the complexity that 
needs to be addressed in both the functional design and management strategies for these canal 
systems should they continue to be developed. 
On the final and third stage of this research, the LOICZ modelling was used to define the 
function of these two systems as potential sources or sinks of nutrients, and to contextualize 
the two canal study sites from a whole-of-system and global perspective. Accordingly, the third 
objective of this research was to assess the relative significance of canal estates in terms of 
their potential capture or release of C, N, and P.  
Based on the field results the development of a nutrient budget for each canal estate showed 
that the direction and magnitude of the fluxes of nutrients can vary considerably between 
seasons and between locations. Additionally, this study showed that canal estates have the 
potential to be either autotrophic or heterotrophic systems. In this regard, during the dry season 
the Pacific Harbour canal system acted as a sink for P and N, whilst the Calypso Bay system 
acted as a sink for P and a sink for N (Chapter 6). This is similar to descriptions for other 
Australian estuaries at similar latitudes (Smith & Crossland 1999). In notable contrast, during 
the wet season Pacific Harbour acted as a source for P and continued to behave as a sink for N, 
while Calypso Bay changed to be a sink for P and N. Additionally, net ecosystem metabolism 
(NEM) was higher than has been recorded for Australian sub-tropical estuaries (Ferguson & 
Eyre 2010; Eyre et al. 2011; Hanington 2016).  
Whilst this highlights the influences of the higher freshwater inputs and the materials it may 
supply, it also highlights the ability of these systems to change behaviour such that the presence 
of some processes may change, as well as their relative significance and distribution across the 
canals. Accordingly, any assumptions on simple rate changes or transfer rates due to alteration 
in water and materials supplies may prove erroneous for managers and lead to poor decision-
making and deleterious interventions rather than constructive one.  
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Overall, canal systems tend to behave in a similar way to tidal creeks but with some notable 
differences. For example, structurally canal estates are comprised of canals that are dug to 
maximise shoreline and thus follow often complex patterns leading to dead-end canals 
longitudinally remote to the major point of water exchange with the associated estuary 
(Lemckert 2006). As shown in this study, this feature alone increases the separation of water 
packets so that the spatial differences in water quality are enhance across the system. Further, 
due to aspects such as maintenance dredging and the location of stormwater drains (inputs to 
the system) there is greater opportunity for localised accumulation of materials and the 
subsequent changes to community metabolism, nutrient stocks and water quality. By 
comparison, the majority of tidal creeks in South East Queensland and Australia can be 
described as a central main channel with ephemeral side branches which fill or empty on tidal 
cycles and which have low complexity in their bathymetry and spatial orientation (Ryan et al. 
2003). This allows for greater water exchange across the tidal creek and a level of water 
packaging that is less than observed in canal estates. From a nutrient dynamics perspective, 
this means that canal estates can maintain areas with a level and type of nutrient processing 
that is not commonly observed in a tidal creek. Whether this is ultimately impacting the 
associated waters finally depends on the number, distribution and behaviour of these areas as 
well as the engineering design that underpins water exchange with the associated estuary. 
In addition, in tidal creeks tidally driven resuspension causes primary production rates to be 
limited in tidal creeks due to light attenuation (Ryan et al. 2003). This is in contrast to what has 
been observed for canal estates in this research where pelagic and benthic primary production 
was not light limited. 
From an estuary perspective, the canal estates in this study are similar to an open estuary in 
that pelagic primary production dominated the system; with benthic primary production 
decreasing in favour of pelagic primary production (Eyre & McKee 2002). Additionally, the 
canal systems experience loss of C and N in the form of CO2 through respiration, and N2 release 
via denitrification. As shown in Table 7.1 carbon fluxes determined for the canal systems were 
in the range for Moreton Bay and other estuaries (Hopkinson & Smith 2005; Eyre & McKee 
2002; Eyre et al. 2011).  
In terms of nitrogen, both canal systems in this study showed a net import of N suggesting that 
both systems are consuming more N than released internally during OM mineralisation or being 
supplied from local stormwater or groundwater sources. Contributing to this capture of N is 
  262 
 
the removal of N from the canals via the denitrification process which converts DIN to gaseous 
N2. As shown in Table 7.1, Eyre et al., (2011) have also shown that denitrification is significant 
in the Moreton Bay estuary. Notably, whilst the denitrification rates observed in this study 
overlap with the range reported by Eyre et al., (2011), the highest rates measured in the present 
study are almost twice as high. Notably, Eyre et al., (2011) estimated that annually the shoals 
within the Pimpama estuary immediately adjacent to the Calypso Bay canals accounted for 
approximately 9 tN.y-1. By comparison, if we apply the lowest and highest denitrification rates 
measured in the Calypso Bay canals across the total canal area, the estimated loss of N via 
denitrification ranges from 1.85 tN.y-1 to 7.24 tN.y-1 respectively. Importantly, this amount of 
N loss occurs over approximately 11% of the area that Eyre et al., (2011) used to calculate the 
9 tN.y-1 loss in their study. This highlights the potential significance of these canal estates in 
removing N and preventing it from entering the adjacent estuary which has a far lower potential 
for N removal via this process. Unfortunately, no direct measurements of denitrification are 
available for the Pumicestone Passage estuary associated with Pacific Harbour. However, given 
the average rates reported for the wider Moreton Bay, the rates obtained in this study further 
suggest that Pacific Harbour canals may play a similar or more significant role in N removal 
in that part of the greater Moreton Bay estuary. 
In comparison, the canals present a different picture in terms of P. As highlighted in the LOICZ 
modelling (Chapter 6), the different canal systems present a different potential role for their 
associated estuaries. In the dry season Pacific Harbour tends to capture P in order to meet its 
net metabolism and then releases P in the wet season when freshwater inputs are high. As noted 
previously, Calypso Bay canals did exactly the opposite with P release in the dry season and P 
uptake in the wet season. As has been reported by different authors (e.g. Wulff et al., 2011) the 
wider Moreton Bay estuary behaves as a P limited ecosystem. Although the study by Wulff et 
al. (2011) did not separate their study into seasons the alternating role of each canal system 
may be locally influential on P budgets in the associated estuaries. Further research is required 
to better elucidate the full significance of these interactions.  
Again, this also has potential implications for canal and bay management, as discussed in the 
next section. 
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Table 7.1. Comparative table with carbon, nitrogen and phosphorus fluxes in the canal estate 
study sites and other estuarine ecosystems. 
Location C Flux mmol C 
m-2 d-1) 
N2 Flux (mmol 
N m-2 d-1) 
P Flux (mmol P 
m-2 d-1) 
Reference 
Pacific Harbour 61 to 95  62 to 197 0.25 to 0.34 This study 
Calypso Bay 92 to 44 44 to 172 0.42 to -0.18  This study 
American 
Estuaries 
92-294 - - 
Hopkinson & 
Smith 2005 
Moreton Bay 
296 g C m-2 y-1 
27-22 mol C m-2 
y-1 
-77 to 109 - 
Eyre et al. 
2011 
Southern 
Moreton Bay 231 t C y
-1 9 t N y-1 -0.3 t P y-1 
Eyre et al. 
2011; Dunn et 
al. 2014 
Deception Bay, 
Australia 
(unvegetated 
sediment) 
53 to 350 mg C  
m-2 d-1 
- - 
Hanington et 
al. 2014 
 
7.2 Implications and Recommendations 
As suggested earlier in this thesis and elsewhere (e.g. Wolanski 2007; Kennish 2002; Alongi 
1999), the alteration of nutrient levels can be very significant for estuaries. As shown in this 
thesis, the case study canal estates both tend to alternate between the capture and release of 
dissolved N and P. In this context, the management of canal estates and the materials they 
receive from anthropogenic sources (dissolved and particulate) need to be closely considered 
in terms of the level of N and P they deliver, as well as where in the canal system they are 
delivered. In the current case, the local estuary areas associated directly with the respective 
canal estates, and the wider Moreton Bay within which they are located, all stand to be 
influenced by the exchanges from these canal systems. Whilst, on the one hand, it can be argued 
that these canal systems provide an advantage through their removal of N via denitrification, it 
should be noted they are meeting their internal N budget from local sources such as stormwater 
and groundwater with little comparative input from the estuary itself; ie. they are not 
accounting for large amounts of N from the estuary, but they are helping to reduce the amount 
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entering it from anthropogenic sources. In a similar way, the canal estates interact with P supply 
and removal from the estuary but the lack of wider P budget studies where the exchange of P 
between sections of the estuary makes it difficult to more fully assess how significant the P 
exchange from the canals is. It is noted, however, that the occurrence of toxic algal blooms in 
Moreton Bay can be stimulated by the addition of P (Hanington et al. 2016; Albert et al. 2005) 
and so the further investigation of P mobility and exchange in these estuaries is greatly needed.  
Part of the management of N and P includes maintaining adequate water column dissolved 
oxygen concentrations and water mixing (Lemckert 2006). As shown elsewhere, this can be 
achieved in various ways (Lemckert 2006) but needs to be appropriate to the local situation. In 
more general terms, the further development of canal estates should be mindful of the larger 
long-term costs relative to maintaining natural estuaries that do not pose the same level of N 
and P management. 
One final observation can also be made. As previously suggested (section 5.4.6, Chapter 5), 
the reduction of sediment oxygen availability due to increased OC loads foster sediment 
sulphate reduction (Roberts et al. 2012; Gardner et al. 2006; Brunet & Garcia-Gil1996). As a 
consequence, canal estates could experience changes in sediment redox conditions causing the 
occurrence of acid sulphate sediments (ASS). The occurrence of ASS has shown to cause the 
inhibition of denitrification and favour the dissimilatory reduction of nitrate to ammonium 
(DNRA) (Bernard et al. 2015), as well as the release of heavy metals (Ljug et al., 2010; Reilly 
& Phillips 1998). The transformation of nitrate into ammonium through DNRA could 
potentially increase the release of N from the sediment into the water column as well as the 
export of nitrogen into adjacent environments. Moreover, special consideration should be taken 
during the dredging of these artificial waterways. The dredging of these artificial waterways 
can expose deeper sediments in which sulphate reduction occurs, producing ASS, and 
consequently favouring the release of heavy metals and the potential occurrence of DNRA. 
 
7.3 Limitations and Future Studies 
This research was undertaken in two canal estates located in South East Queensland, Australia. 
Due to time and money limitations it was not possible to cover canal estates located in other 
parts of Australia with a different rainfall regime or with different physical configurations and 
operational settings. Therefore, the knowledge gained from the current research may not 
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adequately reflect the function of similar canal systems subjected to different rainfall patterns 
and different levels of urban development. Further research in canal estates located in different 
latitudes and subjected to a different regime of rainfalls is crucial to reveal insights about their 
worldwide role and behaviour. Similarly, the current study was only able to examine the study 
sites over two consecutive years in the seasonal spectrum occurring in the case study region. 
Accordingly, it does not describe how the canals may behave outside these end-point 
conditions. A higher resolution temporal study would improve our understanding and the 
accuracy of annual budget and exchange estimates for these systems where issues such as 
population fluctuations and human activities may play a role. 
One other aspect to consider is that this study was unable to accurately assess the influence of 
benthic fauna in the process measurements and budgets that were estimated. It has been shown, 
for example, that bioirrigation enhances sediment oxygen supply which may have effects on 
nitrification and denitrification. In this light alone, not considering the role of infauna may 
result in an under-estimation of total benthic fluxes in the sediments and the need for 
management to also focus on the maintenance of these benthic communities (Berner 1980; 
Kristensen 2000; Jørgensen 1996). Unfortunately, no studies have been conducted on the 
existing infauna in these two canal estates, so the potential impact of infauna and the whole 
community activity was not included in these measurements. 
Finally, it has been suggested that the unavailability of data can be a limitation for the LOICZ 
model (Swaney et al. 2011). As previously mentioned, groundwater, stormwater and runoff 
data were not available and had to be estimated from reports from similar systems (local and 
more remote) with similar rainfall patterns. Nonetheless and despite the lack of specific local 
data, previous studies using the LOICZ tool have demonstrated, in the vast majority of cases 
that the models have proven to be reasonable and sufficient estimations for the systems under 
consideration (Swaney et al. 2011). In this context, the models produced in this study provide 
exchange estimates that fall within the range expected from literature sources and the results 
of other modelling studies in Moreton Bay (e.g. Wulff et al. 2011; Smith & Crossland 1999). 
It is realised, however, that further other studies on aspects such as groundwater chemistry and 
flows, soil and geology characteristics of the respective sites, and the associated 
hydrodynamics would all assist in improving the models built in this study. 
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Chapter 9. Appendix 1 
Table 9.1. Definition for acronyms within the boxes of the LOICZ model (Gordon et al. 
1996). 
Variable Definition Comments 
VQ Runoff flow volume The dominant source of fresh water flowing 
into the budgeted portion of the canal estate. 
In this case, the stormwater flow was 
considered as the main source of freshwater. 
VG Groundwater flow volume Estimated groundwater flow into the budgeted 
portion of the canal estate. 
VP Precipitation volume Calculated by multiplying the precipitation by 
the surface area of each compartment. 
VE Evaporation volume Calculated by multiplying the evaporation by 
the surface area of each compartment. 
VQ* Net freshwater inflow 
volume 
Represents the sum of VQ, VG, VP and VE. 
VR 
(e.g. SR, 
PR) 
Residual flow volume Represents the flow from one box (or 
compartment) into the other one. Negative 
values indicate an efflux from one box into the 
other; while positive values indicate influx 
from one box into the other. SR represents the 
flow of salinity from one box to another; PR 
represents the flow of phosphorus (P) from 
one box to another. 
VX 
(e.g. SX, 
PX) 
Horizontal exchange 
volume 
Represents horizontal mixing between one box 
(or compartment) and the other one, as well as 
between the canal estate system and the 
estuary. SX represents the horizontal mixing of 
salinity from one box to another; PX represents 
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the horizontal mixing of phosphorus (P) from 
one box to another.  
P1 Net P exchange with the 
atmosphere 
P flow from the atmosphere into the water 
column minus P flow from the water into the 
atmosphere. 
N1 Net N exchange with the 
atmosphere 
N flow from the atmosphere into the water 
column minus N flow from the water into the 
atmosphere. 
∆DIP Change in dissolved 
inorganic phosphorus 
concentration 
The change in dissolved inorganic phosphorus 
due to organic metabolism. 
∆DIN Change in dissolved 
inorganic nitrogen 
concentration 
The change in dissolved inorganic nitrogen 
due to organic metabolism. 
N fix - 
Denit 
Nitrogen Fixation - 
Denitrification 
It is the difference between nitrogen fixation 
and denitrification. 
NEM Net Ecosystem Metabolism Estimated as the subtraction between primary 
production and respiration (p-r). 
 
 
 
 
 
